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ABSTRACT
The interaction of energetic ions with surfaces is of interest in many applications 
such as materials modification or processing via discharge etching, where ion-surface 
interactions affect equilibrium plasma characteristics, for example. Depending on 
characteristics o f the incident ions and o f the surface condition, secondary emission o f 
electrons and ions may be effected in a variety o f ways.
The absolute probabilities for low energy ion bombardment induced secondary 
emission of electrons and anions have been measured as a function o f adsorbate coverage 
o f the surface. The probe beams used in these experiments were O', Na+, N2+, Ar+, Ne+ 
and He+, incident upon a substrate at energies below 500 eV. The substrates studied were 
tungsten (W), single-crystal and polycrystalline aluminum (Al), single-crystal silicon (Si) 
and single-crystal magnesium (Mg). The adsorbate used was chiefly oxygen, and the 
coverage range studied was zero to about one monolayer. The presence of an adsorbate 
was observed to significantly enhance secondary emission of electrons and anions in the 
case of O' and Na+ impacting metallic (W, Al) and semiconducting (Si) substrates; the 
effect o f the adsorbate was little to minimal in the case o f N2+, Ar+, Ne+ and He+ impacting 
these substrates, however. No appreciable adsorbate-induced changes in the secondary 
emission probability were measured for any of the probe beams incident on the insulating 
(MgO) substrate.
Secondary electron and anion kinetic distributions were also measured, as 
functions of projectile impact energy and of adsorbate exposure. The most probable 
energy of the secondary products was in the 1-3 eV region; the form of the distributions 
had little to no dependence on the impact energy or adsorbate exposure, but varied with 
different projectile and substrate species. The identities of the secondary anions were 
determined through mass spectroscopic techniques; atomic ion forms of the adsorbate and 
simple adsorbate-substrate molecular ions are the predominantly emitted species.
The data are discussed in terms of a model in which a molecular anion residing on 
the surface is collisionally excited, its subsequent decay giving rise to both electron and 
negative ion emission into the vacuum. The results of N2+, Ar+, Ne+ and He+ 
bombardment, in which secondary emission does not appear to be adsorbate-mediated, 
suggest that there exists a condition of excitation energy resonance which projectiles 
having high ionization potentials do not satisfy; experimental evidence shows that incident 
0 “ and Na+ satisfy this condition to a greater degree than do the above projectiles. 
Comparison o f the results for different substrates indicates that secondary emission 
depends strongly on orbital overlap of incident species with the substrate. The concepts 
of this excitation model can be represented mathematically and made to fit the 
observations with careful parameter choice; the parameters can be shown to reflect 
properties o f the interaction.
xii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THE EFFECT OF AN ADSORBATE UPON SECONDARY EMISSION PROPERTIES 
OF LOW-ENERGY ION BOMBARDED METALLIC AND SEMICONDUCTOR
SUBSTRATES
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER I
INTRODUCTION
1.1 Low energy ion-surface collisions.
Interactions of ion beams with surfaces is a broad field of study, a fact that is 
realized only when one begins to broach the topic. The physical processes involved in ion- 
surface interactions are heavily dependent on the experimental conditions, from the 
incident energy and the properties of the impacting ion to the nature of the surface itself. 
The reactivity of the surface, the presence of contaminants (either introduced or 
incidental), the crystal structure of the surface atoms- all these factors play important roles 
in the actual mechanisms that occur when ions impinge upon a surface. This impingement 
can result in the emission of secondary particles, the characteristics of which shed light on 
the mechanism of interaction between the incident ion and the surface.
Surface sputtering, or the removal of surface atoms due to energetic particle 
bombardment [1] has been studied for the past several decades. It is of obvious interest in 
areas of surface analysis and modification due to the sensitivity of the technique to surface 
conditions on an atomic level as well as the potential to alter these conditions. One o f the 
most important measurable characteristics of sputtering is the emission probability or the 
yield, viz., the ratio of the number of emitted particles to the number of incident particles. 
These secondary particles originate from interaction of the projectile with the surface in
2
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3generally one of two ways: so-called “knock-on” sputtering and sputtering via electronic 
excitation. Knock-on sputtering involves largely elastic collision processes in which 
substrate particles may generate “collision cascades”within the substrate lattice, imparting 
momentum to other lattice members before exiting the surface; electronic excitation 
sputtering may involve ionization or dissociation events at the surface prior to secondary 
particle emission [ibid.].
The secondary particle emission may contain atomic or molecular species, neutral 
or ionized, but one common component of the total secondary product is secondary 
electrons. The mechanism of secondary electron emission generally depends on 
characteristics of the incident ion beam, commonly, whether the kinetic energy (“kinetic 
emission”) or the ionization potential (“potential emission”) of the incoming ions is 
sufficient to effect electron emission. These mechanisms are discussed in greater detail 
below.
It often becomes more meaningful to refer to the surface as a “substrate” in the 
context of ion beams incident at low energy (^ 1 keV), since chemical processes play a 
significant role in the interaction mechanism in these cases. In the low-energy arena 
electronic mechanisms become important- how the interaction of the incident ion effects 
electronic transitions in the surface atom complexes of the substrate, and what occurs as a 
result of those transitions. Such induced transitions may be studied by observing the 
secondary emission, if any, that results from electronic excitations. Specifically, if 
correlations exist between secondary electron emission and secondary ion emission, 
observing these phenomena over a wide range of incident beam types, substrate types and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4substrate adsorption conditions elucidates the mechanism of secondary emission itself.
1.2 Secondary emission.
1.2.1 Kinetic emission of electrons: In describing ion-impact induced electron emission, 
the simplest scenario consists of a head-on binary collision of a projectile with a free 
electron. From the classical development of Juaristi et al. [2] and others [3,4], the free 
electronic state is described in momentum space (in atomic units) by 
k'= k -  v , (1.1)
where k' (k) is the wave vector in the center o f mass (laboratory) frame and v is the 
projectile velocity. In the center of mass frame the projectile is taken to be at rest since its 
mass M is much greater than the mass, m, of the electron. Fig. 1.1 is a depiction in 
momentum space of the excitation of the free electronic state; the center of the electronic 
state is shifted by v from that of the initial Fermi sphere of radius kF in the laboratory 
frame to that of the final sphere of radius kF + v in the center of mass (c.m.) frame. In the 
c.m. frame, only transitions between states of equal energy are permitted for energy 
conservation; thus, V  = k/, where k/ (Ik/) is the initial (final) wave vector in the center 
of mass system. From Fig. 1.1, the maximum values of k/ and k / are seen to be
V =  k j -  v =  k F -  V 
k f '=  k f -  v  = ( k F + 2 v ) -  v
(1.2)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Fig. 1.1 A depiction in momentum space of a head-on ion collisionaJ excitation of a free 
electron at the Fermi level. The center of mass of the electronic state is shifted by the 
velocity of the impacting species.
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Thus, the maximum values for the initial (final) wave vector kj (kf) in the laboratory frame
are
k; = kF
k f = k F + 2v
(1.3)
and the maximum amount of energy e ,^  that can be transferred from the projectile to the
electron is
8 max -  2 (^F + 2v) -  \ (kF) (1.4)
In SI units (smax ->  m E ^  kF ->  mvF, v ->  mv), this becomes
’max 1 I 1
'max m
(mvF + 2mv)2 -  y(mvF)2 = 2mv(v+ vF), (1.5)
where vF is the Fermi velocity. This energy must be at least as great as the work function 
of the surface, 4>, in order that electron escape, which leads to the expression for the 
threshold impact velocity below which valence electron excitation from binary projectile- 
substrate collisions should not occur [3,5,6]:
v th = 1 + 1 (1.6)
where Ep is the Fermi energy and is equal to !4mvF2. Using Fermi velocity, work function, 
and Fermi energy values for an aluminum substrate (vF = 2.03 x 106 m/sec [7]; <j> = 4.3 eV;
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7Ep =11.7 eV), the threshold velocity v* is calculated from Eq. 1.6 to be 0.17 x 106 m/sec, 
which, for incident A r , corresponds to an incident energy of about 6 keV. In actuality, 
however, an electron must escape the substrate. For incident ions of sufficient kinetic 
energy, therefore, an impact on a surface may result in collision cascade events in which 
the probability of secondary electron emission is described by the product o f three 
functions-- density N(E) of excited electrons as a function of impact energy E, mean 
attenuation length L describing the electron transport through the substrate, and 
probability P of escape into the vacuum [8]:
N(E) is described by the projectile’s rate of energy loss as it penetrates the substrate, i.e. 
the electronic stopping power, S(E):
where E is the impact energy of the primary ion, and J is the mean energy supplied by the 
primary ion to promote an electron to an energy above the vacuum level.
The calculation for threshold velocity in Eq. 1.6 describes an upper limit, due to 
momentum exchange effects between metal valence electrons and the lattice [9], Further 
modification of these calculations, such as incoiporating electronic stopping power 
predictions based on Firsov’s friction model of energy transfer in slow collisions [10], 
yields values of the threshold impact energy for secondary electron emission on the order
T kinetic = N ( E ) L P . (1.7)
(1.8)
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8of 1 keV for Ar+, which is supported by experimental evidence [9,11].
Some of the authors cited above observed secondary electron emission for 
projectile impact energies below the threshold, however. Using Eq. 1.5 above, the energy 
threshold for kinetic electron emission for incident Xe+ is calculated to be about 19 keV; 
Alonso et al. suggested that electron emission from Au observed for incident Xe+ energies 
below 1 keV, however, may be due to collision-induced “energy loss straggling” [11], In 
similar studies, Lorincik et al. explained their sub-threshold Xe+-induced electron emission 
from Au as due to many-electron processes involving localization of electron-electron 
interactions on the surface [6,12], Lakits et al. observed that kinetic contributions to 
secondary electron emission may be seen well below the threshold energy even for 
incident energies on the order of tens of eV, and attributed their observations to near 
surface “quasimolecular autoionization” interactions between a neutralized projectile and a 
charged lattice species [9]; at low projectile energies, electrons can become promoted at 
“pseudocrossings” of near-diabatic transient molecular orbitals [5], Eder et al. question 
the validity of such an approach in a more recent work, however, citing the inability of 
low-impact incident ions to reach the distance from the surface that would be required for 
such promotions [13], which is on the order of one atomic unit [14], In another study, 
electron emission results from slow (50-520 eV) impact of Li+ (I = 5.4 eV) on Al(100) 
surfaces were explained by Yarmoff et al. [15] as due to surface electron-hole pair 
excitation, maximizing for cases in which there is resonance between the surface work 
function and the ionization potential of the incident ion. As will be demonstrated below, 
however, there may be an alternative description for these sub-threshold emission
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9phenomena, at least in the case where trace amounts of adsorbate may reside on the 
surface.
1.2.2 Potential emission of electrons: A variety of different electronic transition 
processes may occur when an ion impinges on a surface. In his definitive 1954 discussion 
of Auger electron transition theory, Hagstrum [16] delineates two types of electronic 
transitions that may occur between ions or excited atoms and a metallic surface: one- 
electron resonant and two-electron Auger-type. These are exothermic processes in which 
the potential energy of the projectile ion provides the energetic origin of the secondary 
electron. ’ Resonant neutralization or capture involves an electron tunneling from a metallic 
state to a same-energy (resonant) state in an ion; the reverse process occurs in resonant 
ionization, in which an electron from an atomic excited-state fills unoccupied resonant 
levels in the metal. Auger-type processes involve filling of a core hole and subsequent 
electron emission from either the metal (Auger neutralization) or an excited state of the 
atomic species (Auger de-excitation); emission spectra will be broad since electron 
transfer may occur from any valence band energy level in the substrate. Two-electron 
Auger exchange involving electrons that originate from specific levels in the projectile may 
also occur, and lead to much sharper emission spectra. A basic schematic of the Auger 
processes discussed above is shown in Fig. 1.2.
A balanced energy equation gives the limits for Auger neutralization; if the initial 
energies of the substrate electrons are e1 and s2, then Ej + s2 is equal to e / + e2’, where e / 
(s2) is the final energy of the first (second) electron. One of the electrons is emitted at an 
energy E, and the second fills the core hole at the ionization potential of the projectile, IP.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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IP-8,-S .
(Ill)
(V)
(VI)
(IV)'
Fig. 1.2 A schematic o f the basic Auger processes. The energy levels of participating 
substrate (projectile) states are denoted by s l5 Zj (EJ. Electronic transitions from one 
state to another are depicted with arrows: (I) followed by (II) describes “Auger 
neutralization” (or “Auger capture”), where E = IP - s, - e2; (I) followed by (III), or (IV) 
followed by (II) describes “Auger de-excitation”, where E = Ex - e2; (V) and (VI) describe 
resonant ionization and resonant capture, respectively.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The lowest energy value that the electrons can have initially is equal to the surface work 
function, <j>; therefore, -2<j> = -IP + E. Thus in order for Auger neutralization to occur, the 
ionization potential must be greater than twice the work function of the surface. This 
restriction describes an upper bound for the energy of the emitted electrons, which fall in 
the energy range DP - 2s0 < E < IP - 2<j>, where e0 is the energy depth of the conduction 
band with respect to the vacuum level (i.e., e0 = <J> + Ep). Electrons detected at higher 
energies than those allowed by the upper limit are due to near-surface shifts as well as 
broadening of the energy levels of the projectile ion [17], In the experiment referred to 
above which used Xe+ to study sub-threshold electron emission, secondary electrons do 
not arise from Auger neutralization since the DP of Xe+ is insufficient to effect the required 
transitions [11], De-excitation can occur, however, for DP > <}>, since only one of the 
electrons in question must overcome the work function of the surface. Metastable atom 
interaction with a surface can involve combinations of the above transitions such as 
resonant ionization (electron transfer from excited atomic states) followed by Auger 
neutralization (valence metal electrons neutralize atom, emit into vacuum). A 
modification of Auger de-excitation, so-called “Penning ionization”, has been used to 
describe electron emission from semiconductors and insulators. The transition 
probabilities (valence orbital to atomic orbital, excited atomic orbital to vacuum) depends 
on the wave function overlap of the initial and final states, an interaction complicated by 
the presence of a band gap in semiconducting and insulating materials; the secondary 
electron emission probability will be high when the transition probability is high.
Kinetic and potential mechanisms can act in concert to produce secondary
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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electrons: so-called “kinetic Auger excitations” involve collision-induced formation of 
promoted states in the projectile or in its target; electron decay to the vacant inner shell 
states so produced results in Auger electron emission [5], Yields from these processes 
depend heavily on the projectile’s distance of nearest approach and the lifetimes of the 
inner shell vacancies.
In short, secondary electron emission is commonly attributed to collision-induced 
momentum transfer, ionization potential-driven electronic excitation, or some combination 
of the two, though these mechanisms are insufficient to explain the origin of secondary 
emission in many cases involving low energy ions impacting surfaces.
1.2.3 Secondary anion emission: Similar to theories of secondary electron emission 
outlined above, secondary ion emission can be loosely divided into two types: a collision- 
driven process in which long-lived collision-cascade-produced core holes lead to 
secondary ion emission, and a more inelastic autoionization process involving “surface 
crossing” [18], For ionization of a particle by electron transfer in the near-surface region, 
the energy required for positive (negative) ion production is BP - <j> (<j> - E J , where IP (Ea) 
refers to the ionization potential (electron affinity) of the emitted particle. Close to the 
surface, excited state lifetimes are too short to allow ion survival into the vacuum, but at 
distances where the Fermi level crosses the image charge-modified affinity level of the 
exiting species, ion survival probability can be non-negligible [19], The probabilities for 
cation (P+) and anion (F ) production under sputtering conditions, i.e. impact energies on 
the order of keV, depend on the widths for electron transfer as a function of distance 
between the outgoing particle and the surface, but may be approximated as functions of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the above energy differences as well as the emission velocity and angle (with respect to the 
normal) of the secondary ion [19-21]:
exp
exp
i p - 4 > '
VCOS0 .
^ - e a
vcosB
(1.9)
Collision cascade theory models the emission of a secondary particle as due to recoil from 
the impact of an energetic projectile particle; particles that gain energy sufficient to 
overcome the surface barrier, U, will be emitted from the surface. Assuming that only 
near-surface substrate atoms are set in motion and that the collisions are elastic, and 
ignoring surface, bulk and lattice structure effects, the yield distribution S(E,E’,0,0’) of 
secondary particles as a function of the incident (emission) energy E (E’), and incident 
(emission) angle 0 (0’), can be shown to be of the form
S(E,E’,0 ,0 ’) ~ f ( E , 0 ) x  ■_  Et t -.3 c o s 9 \  ( 1. 10)
(E + U)
where f(E,0) is a function of the projectile’s impact energy and incident angle in terms of 
the nuclear stopping cross section, which is proportional to the energy, E [10]. The 
angular dependence goes as l/cos0, and the 1/E2 dependence of the distributions is most 
clearly seen in the high-energy tail of the kinetic energy spectrum for the emitted particles
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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[22], The expression in Eq. 1.10 is not valid for low-energy bombardment, however, 
since the interaction of the projectile and the substrate is more inelastic than that of higher 
energy projectiles, and surface effects cannot be ignored, making the assumptions above 
inapplicable. That is not to say that low-energy projectiles cannot effect knock-on 
sputtering; using minimum energy-loss conditions, which dictate that the smallest mass 
particle among an incident ion, substrate atom and adsorbate ion will undergo recoil 
motion in the substrate, Yamamura et al. have developed expressions for threshold 
incident energies above which momentum-transfer induced ion emission may arise [23]. A 
calculation for Ar+ incident on aluminum adsorbed with oxygen at a surface binding 
energy of 7 eV gives a threshold projectile energy of about 25 eV. Ionization of near­
surface particles depends on the particle’s speed and distance from the surface, however, 
and the ion yield due to collision cascade effects will be quite low for low-energy 
projectiles effecting emission of ions with energies well below 1 a.u. [24], The energy 
distribution S^CEjE’,©,©’) of sputtered ions is given by the product ofEqs. 1.9 and 1.10,
S±(E ,E ',0,0') = S(E ,E ',0,0')x P1 , (1.11)
where the ionization probability shifts the maximum of the energy distribution to higher 
emission energies, making the expression in Eq. 1.11 a poor descriptor of ions emitted at 
epithermal energies around 1 or 2 eV [25], For projectile energies in the kinetic emission 
regime, changes in the work function of the substrate have been found to greatly affect the 
secondary ion results [26,27], In the case of low energy ion bombardment, however, the 
secondary ion emission probability cannot be attributed simply to work function effects;
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the role of the work function in determining the survival probability is much more complex 
[24,28], rendering Eq. 1.9 an insufficient characterization of the ionization probability.
1.3 Effect of adsorbate on secondary emission.
1.3.1 Previous studies: The way in which an adsorbate interacts with a surface depends 
on the characteristics of the adsorbate itself (atomic versus molecular, electron affinity, 
valence electron configuration, etc.), characteristics of the substrate (work function, lattice 
structure, surface density of states, etc.), ambient temperature, conditions of exposure to 
the adsorbate and pressure conditions. Two basic types of adsorption are generally 
recognized: physisorption and chemisorption. Physisorption, in which the attractive force 
between an adsorbate species and the substrate may be described by electron and nucleus 
image potential interaction of the Coulomb type, is similar to molecular van der Waals 
bonding ( r6 potential dependence) but because of the plane symmetry of an atom-surface 
interaction, the potential has an r 3 dependence [29], where r is the adsorbate-surface 
distance. Physisorbed species tend to have a low binding energy at a relatively large 
equilibrium adsorption length, and thus are easily desorbed from a surface.
Chemisorption, on the other hand, involves a chemical bonding between the 
adsorbate species and substrate, resulting in considerable perturbation of the adsorbate’s 
local electronic structure. Molecular orbitals are formed, and the surface density o f states 
changes accordingly. Equilibrium adsorption distances tend to be on the order of 1 A, and 
the bond strengths tend to be greater than those for physisorption; the Lennard-Jones 12-6 
potential is commonly used to describe the basic interaction between an adsorbate atom
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and a substrate atom [30], Typically the conduction (sp) bands of the substrate constitute 
the bulk of the substrate-adsorbate orbital overlap, and lower-lying d bands of the 
substrate contribute minimally to bonding [ibid.]. These interactions can be characterized 
in a simplified manner by modeling the adsorbate interaction with a “jellium” surface, in 
which the surface wavefunction is described by a ffee-electron wavefunction below the 
surface and an exponential decay above the surface, with a uniform positive background 
[ibid.].
When one considers the changes that adsorption onto a surface may induce, it is 
not surprising that the presence of an adsorbate can greatly affect the ion bombardment- 
induced secondary yield of both anions and electrons [28], These adsorption-induced 
effects may include surface dipole moment changes, surface state density formation and 
modification, and surface work function shifts, and can be quite dependent on the nature 
of the bonding process. These effects may be studied with ion bombardment, looking at 
changes in the secondary particle emission yields and energies as the adsorbate level is 
changed. Ramifications of the complexity of the adsorbate-surface interaction can be seen 
in a study by Benka et al. of 3 keV electron bombardment-induced kinetic electron 
emission from oxygen-adsorbed aluminum (Al) and copper (Cu) surfaces [31]; the work 
function of Al decreases steadily by about 0.1 eV as a monolayer of oxygen accumulates, 
whereas the electron-driven secondary electron yield decreases then rises to its original 
value. The work function of Cu increases very slightly (~ 0.05 eV) initially for an oxygen 
exposure, and the electron yield decreases (~ 0.07 %) over the same exposure range. The 
apparent disparity in secondary electron emission trends is explained by taking into
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account the insulative nature of the “oxidized” Al surface; relatively shallow conduction 
bands and large inelastic mean free paths contribute to enhance the electron excitation and 
transport terms mentioned previously for kinetic electron emission [32], That electron 
emission begins to increase past a certain oxygen exposure indicates that the 
“chemisorption” (formation of bonding and antibonding states between O and Al) phase 
has passed, and the aluminum surface is beginning to undergo “oxidation” (O Is and Al 2p 
energy levels undergo shifts) at this point. Ferron et al. suggest that changes in the 
electron emission probability due to oxidation of the surface may be due to an adsorbate- 
induced barrier in the form of a dipole layer [28], while UrazgiFdin attributes adsorbate- 
induced changes in secondary ion emission to energy level shifts that alter the distance 
from the surface at which an ion may be neutralized [25], Thus, a look at adsorbate- 
induced changes in the secondary emission gives insight into the nature of the interaction 
between oxygen and Al as the adsorbate coverage is increased.
1.3.2 Proposed adsorbate-mediated mechanism: As mentioned above, kinetic processes 
contribute little to secondary electron emission when the energy of the projectile is below 
1 keV [9]; Auger processes can stimulate emission for sufficient IP. Collision cascade 
sputtering contributes little to secondary ion emission at low projectile energies, as well.
In the present experiments, however, it has been observed that the probability of 
secondary electron and anion emission can increase dramatically in the low impact energy 
regime- and that this increase is contingent on substrate adsorption. In cases for which 
kinetic and potential electron emission processes are precluded, studies of low energy (< 
500 eV) sodium ions (Na+) incident on adsorbed metallic [24,33,34]) substrates have
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shown that the presence of an adsorbate is necessary for all but the most trivial levels of 
secondary electron and anion emission. For example, in the case o f250 eV Na+ impacting 
aluminum and stainless steel surfaces, it was demonstrated that secondary electron 
emission was enhanced by more than an order of magnitude if approximately a monolayer 
of oxygen were adsorbed onto the surface; furthermore, it was shown that this increase in 
secondary emission is not simply due to an adsorbate-altered work function [24], Though 
the emission probabilities were strongly dependent on the Na+ impact energy, the kinetic 
energy distributions for electrons and anions were similar and remained essentially 
invariant with impact energy, suggesting that electron and anion emission are correlated 
and characterized by an electronic excitation process rather than by momentum transfer.
We have articulated our dissatisfaction with the emission mechanisms discussed in 
Sections 1.2.1-3, in which the origin o f secondary electrons and/or anions is explained 
with models involving explicit dependence on the impact energy and ionization potential 
of the projectile. In order to explain secondary emission in the case of low-energy (~ 100 
eV) Na+ bombardment, a new model for the interaction must be devised. Studies of 
desorption induced by electronic transitions (DIET) have commonly employed electrons 
and photons to effect ion emission (see, for example, Ref. [35] and previous volumes); 
early work by Menzel, Gomer and Redhead employed a mechanism focusing on a binary 
interaction between a metallic substrate atom M and an adsorbate atom A, (M + A) 
[36,37], This binary complex exists as a surface state which may be electronically excited 
via electron or photon impact to an antibonding state, the decay of which leads to either 
electron or ion emission.
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Photoemission studies for the oxygen-adsorbed Al system [38] have been shown to 
be compatible with the basic tenets of the MGR (Menzel-Gomer-Redhead) mechanism, 
demonstrating the applicability of this model to collision-induced secondary emission 
[24,33], Let us assume that the adsorbate resides on the surface as an anion. Following 
the lead of the MGR model outlined above, this results in the formation of a binary surface 
state resembling MX', where M denotes a substrate atom and X an adsorbate atom. The 
initial distribution P0(z) of surface states (MX'), as a function of distance from the surface 
z, is approximated as a Gaussian of width 1/Vb centered around some equilibrium distance
An impact to the surface can lead to an excitation of this bound state to an antibonding 
state, (MX')*, as depicted by a repulsive curve in Fig. 1.3. If we assume a collisionally- 
driven, vertical transition, the distribution P0(z) maps the initial distribution of states onto 
the repulsive curve (MX')*. The ion survival probability Pion(t) of these states as a 
function of time, t, is derived from the fundamental rate equation:
where A^fzO)] is the total decay rate as a function of z, and is the sum of the exponential 
decays to the vacuum and to the metal, Av(z) + AM(z), which can be approximated as [21]:
(1.12)
(1.13)
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Fig. 1.3 A potential diagram used to represent the interaction of an adsorbate anion, X', 
with a metallic surface as a function of distance from the surface, z. The widths in the 
lower portion of the figure represent the decay rates of (MX')* for electron emission into 
the vacuum [Av(z)] or back into the metal [AM(z)].
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(1,14)
where yM and yv are inverse decay lengths. Decay of (MX')* may result in the survival 
and subsequent exit from the surface of an intact anion X' with kinetic energy 8Eion(z); the 
survival probability of such a dissociation depends on how rapidly X' exits the surface, and 
can be substantial for metallic substrates, as shown in previous experiments and 
calculations [24,39], With a change of variable, P ^ t )  may be rewritten as a function of z, 
Pion(z):
Plon(z) = exp ‘ total
(z' )dz!
v(z')
(1.15)
where Zj is the distance of origin of X" from the surface and v(z) (= dz / dt) is the velocity 
of emitted X", approximated as the perpendicular velocity vx(z). Alternatively, decay 
could proceed via electron emission back into the metal or into the vacuum at the rates 
Am(z) and Av(z) respectively at an electron kinetic energy of 5Ee(z), where 8Ee(z) is 
described by the energy difference between the ion and neutral curves in Fig. 1.3. The 
emission probability depends on such parameters as zc, the crossing point depicted in Fig. 
1.3, the distance from the surface at which the potential of the excited state (MX')* falls 
below that of MX; it is obvious from the schematic that the position of zc depends on the
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electron affinity of the emitted anion. The position of zc dictates the range of the decay 
width for Av(z), and P ^ z )  becomes
(1.16)
Electron emission probability Pe(z), then, depends on the branching ratio for decay to the 
vacuum:
The distributions S(E) of secondary anions and electrons as a function of kinetic energy E 
are given by:
Thus, as suggested by previous experiments [24,38], the mechanism provides an 
adsorbate-mediated correlation between electron and anion emission and as such does not 
depend on specific energetic properties of the projectile as do models involving kinetic and 
potential processes. Comparison of Eq. 1.18 with Eq. 1.7 shows that the proposed 
mechanism lacks provision for the transport term found in representations of higher energy 
impact processes; such a provision is unnecessary here since the emission processes take
(1.17)
Sion(E) ~  P0(z )P ion(z )8 E 1on(z)
S e l e c t r o n ( E ) ~ P 0 ( z ) P e ( z ) 8 E e ( Z ) -
(1.18)
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place on the surface. Also lacking in the proposed mechanism is an excitation probability 
term describing the transition from MX' to (MX")*, which would depend on the impact 
energy of the projectile.
1.3.3 Motivation for present study: Oxygen is a common surface adsorbate, whether as 
a contaminant [40] or in adsorption studies [41,42]; at room temperature, 0 2 gas 
adsorption onto substrates can be molecular and/or dissociatively atomic, depending on 
the substrate identity, lattice structure and amount of adsorbate already present on the 
substrate. Thus, interest in the effect of oxygen adsorption on ion bombardment-induced 
secondary emission originates in the context of material processing techniques as well as in 
shedding light on the nature of the adsorption process itself. The study of low energy ion 
interaction with adsorbed surfaces is important for understanding how the composition of 
a contained plasma may be affected by the presence of contaminants (usually oxygen) 
adsorbed onto the surrounding walls. For example, knowledge of secondary emission 
properties becomes essential in the manufacturing of plasma display panels, where the ion 
bombardment-induced secondary electron emission from a protective MgO layer provides 
protection for sensitive elements from voltage discharges [43-45],
In addition to the potential contributions to material technology, the present 
experiments contribute further insights on some aspects of the mechanisms involved in 
low-energy ion bombardment-induced secondary emission that remain under development 
[5,15,46]. In particular, little work has been done with negative ion bombardment, in 
particular; a few studies have been performed using high-energy (keV) C and C2' beams 
on Si02 films, comparing the secondary electron emission results with those for incident
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C+ and for bombardment of metals (An, Pt) [47-49]; a few earlier papers make vague 
references to such primary ions as O', H" and Cl' incident on targets including Mo, Pt and 
W [50,51],
The few data that exist on ion bombardment-induced secondary electron emission 
indicate that yields due to negative primary ions are higher than those due to positive 
primary ions, for both metallic and semiconductor substrates; this may be due to the low 
electron affinity of the extra electron, which may be easily released from the primary ion 
[47,50], Negative ion scattering studies have shown that electron-exchange events 
between the levels of the incident ion and the metallic (copper) [52], semiconducting 
(silicon) [53] or insulative (magnesium oxide) [54,55] substrate can occur with some 
efficiency. It must be kept in mind, however, that the studies above have been performed 
using largely high-energy primary beams; any characteristic trends may not necessarily be 
seen in the low-energy regime, in which kinetic electron emission is reduced and/or absent, 
and electronic excitation processes become dominant. In particular, potential emission is 
eliminated as an emission mechanism, since there is no positive ionization potential in the 
case of a primary negative ion, and hence no exothermic method for electron emission. 
Thus, using low-energy negative primary ions as surface probes provides a unique 
opportunity to test the excitation emission model mentioned above, since potential and 
kinetic emission of electrons will be precluded.
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1.4 Scope of the dissertation.
It is the goal of this dissertation to shed some light on the interaction of low energy 
ion beams with adsorbed surfaces, putting the emission mechanism proposed above to the 
test by using negatively charged projectiles, and comparing the results with those for cases 
in which conventional potential emission is permitted. Regarding the latter case, few 
studies have been done on the effects of an adsorbate on the secondary emission observed, 
and no comparative investigations have been made with respect to the different excitation 
mechanisms.
Our comparative investigation consists of two general types of incident ion: one 
type which possesses the ionization potential prerequisite for Auger emission processes, 
namely the noble gas ions Ar+, Ne+ and He+, as well as N2+; and the other, for which Auger 
processes cannot occur due to insufficient or nonexistent potential energy, namely Na+, 
Xe+, O' and F . The incident energies of the ion beams were ^ 500 eV, and thus were not 
within the range for significant kinetic emission processes. These ions were incident on 
three types of substrate, in order to investigate the role of the electronic properties of each 
in the emission mechanism: metallic, namely polycrystalline tungsten, and a comparison of 
polycrystalline and single-crystal (111) aluminum; semiconducting, namely single-crystal 
(100) silicon; and insulating, namely oxidized single-crystal (0001) magnesium. Finally, 
the adsorbate used in most cases was oxygen, though the effects of chlorine adsorption 
were studied for the tungsten surface as well.
The experiments were carried out in ultra-high vacuum (~ 1G'10 Torr); great care 
was taken to ensure the initial maximum atomic cleanliness of each substrate by sputter-
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cleaning and heating processes to drive off surface contaminants. Adsorption was then 
effected by exposing the substrate to the adsorbate gas for specific pressures and 
durations, and the surface coverage was calculated using relatively well-known sticking 
coefficients [relevant references given in each section]. Emission probabilities (yields) and 
kinetic energy distributions for secondary electrons and anions were measured as functions 
of both adsorbate exposure and incident ion energy; mass spectra of the secondary anions 
were recorded as well.
What follows is an examination of the results for each substrate studied in these 
experiments, presented in order from most to least conducting; a research scheme is 
depicted in Fig. 1.4. The experimental data are shown for each, followed by a discussion 
of the nature of the adsorbed substrate as well as its interaction with the incident ions. 
Results from previous studies are compared to the present results, in which the effect of 
the adsorbate on secondary emission is found to depend on the nature of the projectile and 
substrate involved. Finally, the present results will be explained in terms of the proposed 
emission mechanism. These cross-comparisons for two types of incident ion and three 
types of substrate, each with unique electronic characteristics, will enable us to explore 
more effectively the role of an adsorbate in these low-energy ion-substrate interactions.
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Projectile
High IPLow / no IP
Substrate
Na+ on Si Ar+ on Si
Metallic
O' on Al Ar+, Ne+, He+ on Al
Insulative O' on MgO ' N2+, Ar+, Ne+, He+ 
on MgO
Fig. 1.4 A research scheme for the present experiments. Two projectile types and three 
substrate types are investigated.
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EXPERIMENTAL METHODS
2.1 Preliminary remarks.
All of the present experiments were conducted in the Atomic and Molecular 
Laboratory at the College of William and Mary. Since our focus was on examining effects 
of changes in the surface state on an atomic level, cleanliness of the surface was an 
important consideration; careful sample preparation was necessary in order to make 
meaningful analyses of the data. Each separate experiment was preceded by initial 
cleaning procedures formulated to be the most efficient for the particular sample under 
investigation; only then did data acquisition follow.
In order to explore ion-substrate interactions in some depth, it was necessary to 
modify the existing apparatus to accommodate a new ion beam production line; the 
experimental methods are discussed in general, followed by a description of two 
consecutive configurations of the experimental apparatus. The first configuration involved 
incident Na+ as a surface probe; the Na+ ion gun was UHV compatible and housed within 
the UHV chamber. In order to investigate effects of other projectile species, parts of the 
apparatus were expanded and modified for the second configuration, which utilized a 
relatively high pressure discharge ion source. All experiments were conducted in ultra- 
high vacuum (UHV) conditions such that the pressure was on the order of 10'10 Torr.
28
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Each substrate studied was subjected to a specific cleaning procedure that was deemed 
most effective in contamination removal for that substrate, depending on its relative 
degree of general surface reactivity. The specific conditions for mounting the sample in 
the UHV chamber were modified slightly to accommodate each different substrate but the 
basic geometrical dimensions of the beam-surface interaction area were maintained in 
order to provide normalization for the range of experiments.
Three basic types of data were taken for each projectile-surface system studied, as 
the projectile energy and exposure of the surface to adsorbate were varied: secondary 
negative product (anion and electron) emission probability (yield), secondary negative 
product kinetic energy distribution, and secondary anion mass determination. The results 
of these measurements provide insight into the interaction of the incident ion beams with 
the adsorbate-induced dynamical state of the surface.
2.2 Experimental apparatus.
The experiments were conducted in a stainless steel Varian FC-12E Table Top 
vacuum chamber of approximate working volume 0.2 m3 and sealed by a copper gasket 
with a 12-inch Wheeler flange; all other flanges in the UHV system were Conflat®, sealed 
with copper gaskets. A schematic depiction of the apparatus is shown in Fig. 2.1. The 
main turbo-drag pump (Pfeiffer) is positioned on the side of the main vacuum chamber and 
has a pumping speed of 2601/s; five 5 0 1/s Vaclon® ion pumps (Varian) are arranged 
around the base of the main chamber as well. All turbo pumps in the system are backed by 
Sargent-Welch or Pfeiffer rotary-vane roughing pumps (~ 5 0 1/s), in addition. At the
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Fig. 2.1 A schematic of the experimental apparatus. The gas handling system is depicted 
in the lower-right portion, with leak valves denoted by # . Feed-through flanges on the 
main chamber (for electrical connections) are not shown, nor are roughing pumps for each 
turbomolecular pump. Details of the ion source are shown in Fig. 2.2.
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bottom of the chamber is a set of titanium filaments used for titanium sublimation pumping 
(Varian). The pressure in the main chamber is monitored by a Bayard-Alpert style nude 
ion gauge (Varian) with thoria-coated iridium filaments and a relative gas correction factor 
of about 1.0 for 0 2. A residual gas analyzer (RGA) (Ametek) is positioned next to the ion 
gauge for mass and partial pressure measurements.
Two high-precision UHV variable (10'!0 torr-l/s minimum controlled leak rate) 
leak valves (Varian) are used to control the admission of argon and of adsorbate gas into 
the main chamber. Argon gas is leaked from a differential line into an ionization cell for 
the Fisons argon ion gun employed in sputter-cleaning; between the argon leak valve and 
the gun portal into the main chamber is a small reservoir pumped by another 2601/s 
Varian turbo-drag pump. The pressure of the reservoir is on the order of IQ'9 Torr when 
the argon gun is not in use. Pneumatic gate valves are situated between the main chamber 
and each of the 2601/s turbo-drag pumps to protect the main chamber in the case of pump 
failure; these valves close automatically in the event of power failure (which routinely 
occurs) and only reopen with a manual reset. Two gas-handling lines exist to supply 
argon as well as adsorbate gas; the argon and the adsorbate gas lines can be pumped out 
separately with a BOC Edwards turbomolecular pump (~ 6 0 1/s). Heating tape has been 
wound around the main chamber, gas line and “analysis region” so that these areas can be 
heated to assist desorption from the inner walls of the vacuum system during pump-down. 
The bake-out temperatures are regulated via thermocouples affixed to the upper and lower 
portions of the main chamber, and typically reach about 500 K. Halogen lamps in the 
main chamber and in the “analysis region” provide additional internal bake-out heating.
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Pumping down from atmospheric pressure to ~ 10'10 Torr usually takes 3-5 days, and 
involves the activation of the turbo pumps, ion pumps, bake-out, and titanium sublimation 
pumps sequentially as the order of magnitude of the pressure decreases.
For the first phase o f experiments with incident Na+ the above constituted the 
pumping and gas-handling arrangement, but modifications were necessary for the second 
phase in order to accommodate a new source beam line. Between the high-pressure 
source and the UHV main chamber, three stages o f differential pumping were used. The 
discharge source itself is located in a small (~ 0.01 m3) chamber which is pumped by a 
Pfeiffer-Balzers turbo-drag pump (< 175 1/s) and which maintains a pressure of < 10'7 Torr 
when not in use; a cold cathode gauge (Balzers) is used to monitor pressure inside the 
chamber. An external gas line provides the source gas via a variable leak valve into the 
anode, which is mounted horizontally in the chamber and which houses the filament; the 
gas line can be pumped down by opening its reservoir to the source chamber. The anode 
itself is mounted off an external feedthrough for ease in filament replacement; as seen in 
the ion source schematic of Fig. 2.2, the filament o f -  0.4 mm diameter tungsten wire is 
affixed to two electrically isolated posts inside the anode housing. The substrate of 
interest is biased at -20 V and the anode, the site of ion creation, is biased at a voltage of 
IVanodel- The probe beam impact energy is, then, (IV*,^ +/- 20) eV for positive/negative 
ions. Gas is released into the source chamber to a pressure reading of about 4 x 10"6 Torr, 
and a filament current of 10 A or more provides sufficient thermionic emission to sustain a 
discharge for ionization of the source gas. All subsequent beam focusing elements are 
biased with respect to the anode, and their polarities are switched easily to accommodate
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Fig. 2.2 A schematic of the ion source and the primary beam lens stack, as described in 
the text. The positions along the beam trajectory of successive pumping levels are 
denoted by “TURBO”; the location where the lens stack crosses the wall of the main 
vacuum chamber is denoted by a vertical dotted line. The lens potentials used to focus the 
beam resulted in the general focus/defocus trend depicted to the right with rays and 
concave/convex lenses. To assist with beam focusing, an electrometer was used to read 
the beam current on G1.
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extraction of a positive or negative ion beam. The arc discharge is operated at about 110 
V with a passive feedback resistor placed in series with the discharge to affect arc stability. 
The first focusing lens (DO) is mounted directly over the anode end-plate; both 
components have beam-limiting apertures to facilitate the differential pumping.
Subsequent to the DO lens is a stack containing six additional focusing lenses (DOl, SL1- 
5) with a quadrupole lens (SQ) midway through the lens stack; a bellows component on 
the feedthrough on which the anode is mounted can be used to optimize the position of 
the anode and the DO lens with respect to the source lens stack. This lens stack focuses 
all ions into the mass spectrometer (MT) which is a 90° sector with a nominal radius of 
0.09 m. The magnetic field is provided by pole faces specifically designed for second 
order focusing. All focusing potentials for the new ion source were determined by 
maximizing the current detected on the entrance slit of the MT, and varied from beam to 
beam to some degree, though the general focus-defocus trend is as depicted in Fig. 2.2; it 
was generally necessary to have current on the order of 30 nA at the entrance slit of the 
mass tube in order to attain surface current of about 0.5 nA. The magnetic field (B 
[Gauss]) required to pass an ion of mass m, charge q and energy E at a radius of 0.09 m 
can be written as:
B = ^V225mE , (2.1)
where the mass / charge / energy is given in units of u / a.u. / eV. The mass tube is 
electrically isolated so that it can be biased with respect to the anode, as are the source 
lenses. A manual gate valve is situated between the source lens stack and the mass tube,
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and a turbo-drag pump (Pfeiffer; 6 0 1/s) is positioned on the mass tube itself. A BOC 
Edwards turbo-drag pump (6 0 1/s) is positioned below the next stage in the beam 
trajectory, which interfaces with the main chamber, the “globe”-shaped conduit, in which 
are housed three additional focusing lenses (Gl-3). Current monitoring off the G1 lens is 
often used as an aid to beam focusing; it was generally necessary to acquire - 3  nA of 
beam current on G1 in order to attain surface currents o f -  0.5 nA. Thus the beam 
attrition was > 80% from G1 to the surface.
After the G3 lens begins the gun lens stack (GL1-4) which includes a quadrupole 
lens (GQ) near the end of the stack. For phase one experiments, a sodium source (a 
sodium-impregnated tungsten dispenser cathode manufactured by Spectra-Mat, Inc.) 
interfaced with the gun lens stack at this juncture, and the gun lens stack consisted of a 
grounding shield and four lenses, including an Einzel lens; for phase two experiments, an 
additional lens (GL5) was added in order to join the gun lens stack to lens G3.
The surface holder and extraction lens arrangement is shown in Fig. 2.3. The back 
plate (BP) of diameter 150 mm is made of tungsten wire mesh of 93% transparency and 
lies -  25 mm behind the surface; it is biased slightly less negative than the surface in order 
to facilitate secondary product focusing. The current on the BP may be measured to assist 
with primary beam focusing onto the surface. The gun lens stack is oriented at 60° with 
respect to the normal o f the surface as is the argon sputtering gun in mirror-image, to 
maximize symmetry. A biased cylindrical wire mesh (“inner ring”) of -  64 mm diameter 
and coaxial with the surface normal provides some electric field shielding from the surface 
plane to -  25 mm beyond the end of the first extraction lens; small apertures on either side
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Fig. 2.3 A schematic of the surface holder and extraction lens arrangement. To assist 
with beam focusing, an electrometer was used to read the beam current on BP. Shielded 
by the “inner ring”, primary ions effect secondary emission of negative products, which are 
collected on LI and SC; the secondary electrons are separated from the anions by means 
of the electromagnet located on L2. The orientation of the split lenses S and SC is shown 
rotated 90° from its true orientation with respect to the axis along the surface normal, for 
purposes of illustration. For energy and mass measurements, the secondary products are 
focused through L4 into the “analysis region”.
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of the mesh accommodate the cleaning and probe beams. The surface itself can be 
mounted in electrical isolation from the surface holder; alternately, it may be attached 
directly to the holder via connections external to the vacuum in order to pass current 
through it for resistive heating purposes. A tungsten filament can also be attached to the 
holder for electron bombardment heating; in some cases, a thermocouple was positioned 
behind the surface as well. The extraction lens stack (LI-4) is positioned concentric to the 
inner ring and coaxial with the surface normal at a distance of a few cm from the surface; 
all negatively charged secondary products are focused and collected on the first lens 
element (LI) and on the “split collect” lens (SC) downstream. In order to ensure that the 
yield measurements are accurate, the optimum element potentials for the extraction lenses 
depicted in Fig. 2.3 were determined by previous simulations with SIMION, an 
electrostatic lens design and analysis program used for ion optics optimization; the results 
of a sample particle trajectory optimization are shown in Fig. 2.4 [56], About 75% of the 
negative products is collected on the lens closest to the surface (LI), while the remainder 
are focused down the lens stack for further collection and analysis. In the second lens 
(L2) is a small electromagnet, the transverse B field of which is used to separate the 
electrons from the ions without appreciably affecting the trajectory o f the latter; the 
magnetic fields used are typically on the order of 70 G. Hysteresis of the electromagnet 
had small but observable effects so that for data acquisition purposes any residual 
magnetic field had to be canceled for an accurate zero-field measurement. The third lens 
(L3) consists of two half cylinders (“split lens” and “split collect,” S and SC) that are 
electrically isolated from each other and may be biased with a transverse electric field so as
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Fig. 2.4 A schematic depiction of the ion trajectory simulation in the presence of 
electrodes determined, in part, using SEVHON® software (Idaho National Engineering 
Laboratory) to optimize the secondary product collection efficiency, modeled after Ref 
[56]. The potentials are, from left to right, -19.7 (BP), -20.0 (surface), -43.7 (inner ring), 
+70.0 (LI), +272.2 (L2), +116.8 (L3), +90 (S), +90 (SC), +45.4 V (L4).
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to collect the negative products which enter the lens stack. Thus the electron and anion 
yields may be determined independently. The absolute total yields are the ratios of the 
total secondary anion and electron current, I., to that of the incident ions on the surface, 1,: 
Ytotd = I. / li- For incident cations, the surface current detected, 1 ^ , equals the sum of the 
current of incident ions I* and the total current o f secondary negative product, I.: 1 ^ =  |I}|
+ |I.|; for incident anions, 1 ^ =  |Ij| - |I.|. Thus the total yields for incident cations and 
anions can be written as
'Y'Cations 
* total
v  anions 
* total
l -^surf |
w
| l -
^surf | + |l
LI + SC
Lsurf (l^Ll + ^SC )
I1LI +
+
SC
(2.2)
surf + (li LI + -SC
where IL1 is the negative current measured on the first extraction lens and Isc is the 
negative current measured on the split collect lens when the transverse magnet is not in 
use. Anion yields YA are calculated using the ratio of the SC current when the transverse 
B field is on (and no electrons are detected on the SC element), IB, to that when the B 
field is not in use, and electron yields Ye make up the difference from Y ^ :
Ya = Ytotal
IB
lsc (2.3)
Ye = Ytotal -  Ya
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The L3 lens may also be biased to pass the negative products past L4 into the “analysis 
region” (see Fig. 2.1). When kinetic energy measurements were required, a spherical 
electrostatic energy analyzer (EEA) was mounted in the analysis region; for high- 
resolution and precision secondary ion mass spectroscopy, the EEA was replaced with a 
quadrupole mass analyzer (QMA). The EEA, manufactured by Comstock Inc. (model 
AC-90 IB), consists of two concentric copper spherical surfaces with an average radius of 
36.5 mm; from measurements o f the fuU-width-half-maxima of kinetic energy distributions 
as a function of transmission energy E,,^, the resolution has been determined to be 
A E /E ^  = 0.01. Three additional focusing lenses assisted in optimizing the transmitted 
beam, which was detected by a three-stage (~ 10* gain) Hamamatsu microchannel plate. 
The EEA is operated in voltage-stepping mode to measure kinetic energy distributions, 
but may also be operated in single-energy pass mode for time-of-flight (TOF) mass 
spectroscopy. For TOF measurements, the voltage of the GL3 lens of the Na+ gun was 
pulsed in a pass / no pass mode, in which the “pass” voltage was that which permitted 
beam transmission. The “no pass” voltage was typically greater by 100 V. The best TOF 
results were attained for a pulse rate of ~ 2 kHz and width ~ 2 ps. The electron peak, 
which was typically detected at tetecsroiI ~ 5 ps (roughly, the time required for a typical Na+ 
packet to reach the surface), was set as the zero point, and the relationship between mass 
m and time-of-flight t was determined as:
m  = a  + b ( t  -  t electron ) 2 , (2.4)
where a and b are constants determined for each data set in order to calibrate the scale
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with respect to known peaks. Two peaks (commonly those of H" and O') were required to 
determine the constants a and b for calibration of each data set. For increased mass 
resolution, a Stanford Research Systems RGA-100 was used as a QMA; this necessitated 
removal of the EEA apparatus and its vacuum housing.
In phase two with the use of the new ion gun apparatus, data acquisition was 
complicated by the presence of fringing magnetic fields due to the dipole sector magnet 
used for mass selection of the probe beam. The magnetic field was measured to be as high 
as 5 G in the path of the extracted beam in the L2 lens. An electron emitted from the 
surface at -20 V to LI at 70 V and thus having an energy of about 90 eV experiences a 
force of about 3 eV/mm with a curvature radius of -  60 mm; for a path length of 50 mm 
(which is less than the path length o f L2), the electron will be deflected by more than 20 
mm, which is greater than the radius o f L2. Thus the fringing B field in the secondary 
beam trajectory is significant enough to reduce the measured current on the split collect 
lens and result in a falsely low yield measurement for secondary electrons. To counter 
these fringe fields, a Helmholtz-like coil (NM) was arranged on the outside of the main 
chamber with the center plane of the coils coincident with the plane containing the 
secondary beam trajectory. The fringe fields from the dipole sector magnet were canceled 
by adjusting the current in the pseudo-Helmholtz coil.
For yield analysis, current measurements of 1^ , Iu  and Isc are taken with Keithley 
electrometers (models 485 and 617). For energy distribution analysis, intensity 
measurements are taken with an Aston GPIB scaler (model 721) while the kinetic energy 
is derived from the EEA track bias measurements taken with a Fluke voltmeter (model
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45); in the TOF mode, intensity-versus-time measurements are collected by a Stanford 
Research Systems SR430 Multichannel Scaler which is triggered by a DEI high-voltage 
switch (moderated, in turn, by a Dumont pulse generator). For QMA mass analysis, 
intensity measurements are taken directly from the RGA for a specified mass via an RS- 
232 COM port; all other data were collected by means of GPEB hardware interfacing 
(National Instruments 488-IEEE) on a PC platform. Lab VIEW™ was used to program 
and coordinate data acquisition and voltage and current stepping routines.
2.3 Surface preparation.
2.3.1 Surface cleaning: The surfaces studied were typically rinsed with methanol prior to 
insertion in the main chamber. Since the focus of these experiments is on phenomena in 
the sub-monolayer coverage regime, surface cleanliness was of the utmost importance. 
Two main methods of surface cleaning that were employed involved sputter-cleaning and 
heating methods. The Fisons model EX05F argon gun used for sputter-cleaning was 
operated in its ionization mode, in which argon gas is admitted into the ionization cell. A 
VG Electrovac Ltd. imaging unit (model 346) enables manual horizontal and vertical 
translation of the beam over the surface as well as rastering of the beam in 2-d mode. 
Imaging is accomplished by inputting the surface current (enhanced by a Stanford 
Research Systems preamplifier, model SR570) to the “z” input of an oscilloscope with the 
rastering “x” and “y” voltages used to correlate with the Ar+ beam position. Sputter- 
cleaning was effected by rastering the Ar+ beam over the surface for a duration of as much 
as 12 hours. The beam energy was 3 keV for W, A1 and Si, and 0.5 keV for the more
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sensitive Mg surface; the Ar+ surface current at these energies was about 0.5 pA. For 
additional surface preparation, the W and Si surfaces were heated resistively by passing 
several amps through them to achieve annealing temperatures around 1000 K, while the A1 
and Mg surfaces were heated by electron bombardment from a tungsten filament 
positioned behind the surface. The temperature of the Mg surface was monitored by an 
aft-positioned type J thermocouple so as not to exceed its melting point of 650°C. The 
cleanliness of the surface after these sputter-heating cycles was confirmed by observation 
of minimum secondary anion collection via yield and/or mass spectroscopy measurements. 
Further cleaning considerations are discussed in the sections pertaining to the specific 
surface.
2.3.2 Surface modification via adsorption: Oxygen was the most commonly used 
adsorbate; oxygen exposure is achieved by admitting high purity oxygen (99.9%) into the 
main chamber via the variable leak valve while monitoring the partial pressure of 0 2 (mass 
32 u) with the RGA to within 15% accuracy. The extent of adsorption is denoted by 
exposure and reported in units ofLangmuir (L) (1 L = 10"6 Tonr s); there was no direct 
method to determine coverage, but its extent can be approximated using known 
parameters of the adsorbate interaction with individual surfaces. Using the ideal gas law 
with the Maxwell-Boltzmann distribution for the collision of adsorbate particles with a 
surface, the flux of molecular incidence (in units of molecules/cm2* sec) is described by
where P is the pressure in Torr, M is the molecular weight in u, T is the temperature in K.
P
(2.5)
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Thus for 300 K and 10"6 Torr conditions, 0 2 will impinge upon a surface at the rate of 3.6 
x 1014 molecules/cm2 sec. To derive the rate of accumulation R, one must introduce the 
concept of the sticking coefficient S, which ranges from unity (all impinging species 
adhere to the surface) to zero (no impinging species adheres to the surface); the rate of 
accumulation for oxygen under these conditions then becomes
Monolayer coverage is on the order o f 7 x 1014 atoms/cm2 [57]; assuming that 0 2 
dissociates to adsorb atomically on a surface, monolayer coverage is attained in ~ 1 / S 
seconds for a pressure of 1CT6 Torr, which corresponds to an exposure of ~ [1 / S] L. 
Thus if all the impinging species adhere to the surface and S = 1, then an exposure o f 1 L 
will result in monolayer coverage. The exposure Exp was measured in units of Torr-sec 
by admitting adsorbate gas into the main chamber at a partial pressure P (commonly on 
the order of 10'7 Torr) for a specified time t:
In actuality the sticking coefficient tends to depend how much adsorbate is already 
on the surface, i.e., the coverage as a function of adsorbate exposure time, ®(t), and is 
often approximated as S0, the initial sticking coefficient for 0 (t = 0). The initial sticking 
coefficients for the substrates used in the present experiments varied from ~ 0.1 for W to ~ 
0.01 for Al, Si and Mg, meaning that exposures on the order of tens ofLangmuir 
constituted monolayer coverage for W, but that hundreds ofLangmuir were required for 
monolayer coverage of the other surfaces.
R  = (3.6 x 1014)S . (2.6)
E xp  = P x  t . (2.7)
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CHAPTERS
METALLIC SUBSTRATES
3.1 Tungsten
3.1.1 The tungsten surface.
Tungsten (W) is a body-centered cubic (bcc) metal with lattice constant 3.16 A 
(293 K), work function 4.55 eV, atomic weight 183.85 u and an electronic configuration 
of [Xe]4f*45s25p65d46s2. It has a strong affinity for oxygen, for which the adsorption 
process has been studied in some detail (see, for example, Refs [58-60]).
Previous experiments have shown that low energy noble-gas ion bombardment- 
induced secondary electron emission yields are decreased when the W surface is oxidized 
[16,61,62], due to a reduction in the surface density of states near the Fermi level and a 
corresponding decrease in the Auger neutralization processes required for electron 
emission in these circumstances [16], It is o f interest to investigate whether this trend 
continues for incident Na+, in which Auger neutralization processes are, in fact, not 
possible; previous results for other metallic substrates [24] suggest that secondaiy electron 
emission from a W surface may actually be enhanced by oxygen adsorption. Comparison 
of the results with those for chlorine adsorption provide further support for the proposed 
alternative emission mechanism outlined in Section 1.3.2.
The tungsten sample used in the present experiments was a 3.2 x 40 mm2
45
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polycrystalline ribbon of reported 99.9% purity [63] and was prepared by consecutive 
cleaning cycles of high-energy Ar+ sputtering and annealing via resistive heating to 
temperatures over 1000 K. The surface was exposed to oxygen in the manner described 
in Section 2.3.2. Chlorine exposure was achieved by admitting methyl chloride (99.9% 
purity) into the chamber while monitoring the partial pressure of CH3C1+. Since the 
presence of alkali metal has been shown to alter the surface work function and affect 
secondary emission [64-66], great care was taken to limit the Na+ dose during the 
experiments. The Na+ beam was on the order of a few nA and was incident on the surface 
for, at most, a few minutes, resulting in the accumulation of only small fractions (~ 10'3) of 
a monolayer. TOF-SIMS measurements confirmed minimal Na+ accumulation.
3.1.2 Tungsten results.
3.1.2.1 Yields: Total secondary electron and anion yields for Na+ incident on a 
polycrystalline substrate are shown in Fig. 3.1.1 as functions of adsorbate exposure and 
energy of the incident Na+ ions. In both cases, it is clear that the presence of an adsorbate 
(0 2 in Fig. 3.1.1 (a), CH3C1 in Fig. 3 .1.1 (b)) significantly enhances secondary emission.
For both oxygen and CH3C1 adsorption, the yields increase with adsorbate exposure and 
appear to saturate for exposures in the range of 5-10 L, though in the case of OAV, 
secondary emission undergoes an initial decrease for small exposure but continues to rise 
as the oxygen exposure is increased. This decrease may be due to an initial increase in 
work function associated with a small oxygen exposure; Daniels and Gomer [61] report 
A<j> ~ +1.2 eV for 1 L oxygen exposure on W(100). For the case of OAV, the yield
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Fig. 3.1.1 The total (anion plus electron) secondary emission probabilities (yields) for Na+ 
impacting a tungsten substrate exposed to (a) oxygen or (b) methyl chloride. The 
absolute probabilities are expressed as a per cent and are displayed as a function of Na+ 
impact energy and adsorbate exposure.
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increases as Na+ impact energy increases, whereas for CH3C1/W the yield exhibits a 
maximum at 150 eV, decreasing to level off at the highest Na+ impact energies studied.
Fig. 3.1.2 shows the separate secondary electron and anion yields as functions of 
Na+ impact energy for monolayer oxygen (a) and chlorine (b) coverages of W. For OAV, 
the electron yield increases monotonically over the Na+ impact energy range studied, 
exceeding the anion yield for impact energies > 300 eV, whereas the anion yield increases 
from about zero at 50 eV Na+ impact energy, saturating at about 2% for ~ 150 eV Na+ 
impact energy. The ratio of secondary electrons to anions increases monotonically with 
Na+ impact energy, but rises with oxygen exposure to saturate at about 6 L 0 2 exposure, 
as depicted in Fig. 3.1.3. For CH3C1AV, the initial increase in yield observed in the total 
yield (Fig. 3.1.2(b) above) is seen to be due to the secondary anions, which are readily 
emitted at ~ 6% yield even at a low Na+ impact energy of 50 eV; this secondary anion 
emission probability doubles in value to maximize at ~ 100 eV Na+ impact energy but 
decreases to saturate at ~ 4% for > 450 eV Na+ impact energy. The electron emission is 
subdued compared with that for OAV, increasing slowly from zero over the Na+ impact 
energy range studied. The uncertainties depicted as error bars in Fig. 3.1.2 are determined 
by repeating the experiment three or four times, with surface cleaning and re-exposure to 
6 L 0 2 (10 L CHjCl) between each repetition.
3.1.2.2 Kinetic energy distributions: The normalized secondary electron and anion 
kinetic energy distributions resulting from the impact of 150 eV Na+ with an adsorbed W 
surface are shown in Fig. 3 .1.4 for approximately one monolayer of oxygen (a) (6 L 0 2 
exposure) and chlorine (b) (10 L CH3C1 exposure) coverage. The secondary electron
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Fig. 3.1.2 Electron and anion emission probabilities are shown separately as a function of 
Na+ impact energy for about 1 ML of (a) oxygen and (b) chlorine adsorbate coverage. 
Secondary electron (open circles) and anion (solid squares) yields are shown.
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Fig. 3.1.3 The ratio of secondary electrons to secondary anions is shown as a function of 
Na+ impact energy and of oxygen exposure. At a given impact energy, the ratio saturates 
between 5 and 10 L 0 2 exposure.
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Fig. 3.1.4 The kinetic energy spectra for electrons (open circles) and anions (solid 
squares) are shown for (a) OAV and (b) OAV. The adsorbate coverage in each case is 
about 1 ML and the Na+ impact energy is 150 eV. The calculated anion (solid line) and 
electron (dashed line) distributions are shown (Eq. 1.18).
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distributions are nearly symmetric for both cases, maximizing at ~ 2 eV but with slightly 
larger full-width-half-maximum for the Cl/W case as opposed to the OAV case.
Secondary anion distributions peak at ~ 1 eV with a slightly higher most probable energy 
for the case of C1AV, and exhibit a high-energy tail. Spectra for other exposures and Na+ 
impact energies (not shown) are very similar to those shown in Fig. 3.1.4, independent of 
adsorbate exposure and Na+ impact energy. Also shown in Fig. 3.1.4 are calculated 
kinetic energy distributions, the origin of which are explained in Section 3.1.3.2.
3.1.2.3 Mass spectra: TOF-SIMS data show that Cl' is the emitted anion for Na+- 
bombarded CH3C1AV; Fig. 3.1.5(b) shows the spectrum for 250 eV Na+ impacting W with 
1 ML Cl coverage, in which the peak at 35 / 37 amu due to 35C1' / 37G ' is the sole peak of 
any consequence. The interaction of O with W is more complex, however, as seen in Fig. 
3.1.5(a), the TOF-SIMS spectrum for 250 eV Na+ impacting W with 1 ML of oxygen 
coverage. The spectrum is dominated by the peak denoted by WOx' where x = 1-4, with a 
lesser contribution from O'. The WOx' peak is centered around 220 amu, corresponding 
more closely to W 02‘ (216 amu) but the higher-mass resolution is such that the peak may 
also have contributions from other tungsten oxides such as WO", W 03‘ and W 04‘, all of 
which have been observed in previous SIMS measurements of anion emission from OAV 
[67,68], The development of the tungsten oxides in relation to O' for different regions of 
the secondary anion emission kinetic energy spectrum can be studied by adjusting the EEA 
to pass ions of a specific emission energy. WOx' dominates O' for all Na+-impact and 
secondary emission energies, with ratio R = [W0x']/[0‘] ranging over 3 < R < 40 as 
shown in Fig. 3.1.6(a) as a function of oxygen exposure for the most probable emission
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Fig. 3.1.5 Time-of-flight spectra are shown for secondary anions emitted from (a) OAV 
and (b) O A V  for about 1 ML adsorbate coverage and a Na+ impact energy of 250 eV.
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Fig. 3.1.6 The ratio of WOx' to O' detected in the secondary product is shown as a 
function of Na+ impact energy. In (a) the ratio is shown at the most probable secondary 
anion kinetic energy o f -  1 eV as a function of oxygen exposure; in (b), the oxygen 
coverage is in excess of 1 ML and the ratio is shown as a function of the secondary anion 
kinetic energy.
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energy, ~ 1 eV. For all Na+ impact energies and over the range of secondary emission 
energies studied, R peaks at the most probable energy and decreases for higher emission 
energies as shown in Fig. 3.1.6(b) for an oxygen exposure o f 18 L; thus the mean emission 
energy of O' exceeds that of WOs' by a few eV.
3.1.3 Tungsten discussion.
3.1.3.1 Adsorbate-tungsten interaction: Most authors agree that oxygen adsorption 
onto tungsten occurs in at least two phases, depending on pressure and temperature 
conditions [59,69]: for low coverages (< 1 L), oxygen chemisorbs on top of the W 
surface, with an initial sticking probability close to unity [58,60]; as coverage increases, 
oxidation of the W substrate begins, characterized by displacement o f W lattice atoms by 
O adatoms and corresponding shifts in the W 4f energy levels due to W-W bond 
weakening and breaking [70]. In earlier thermal desorption studies of oxygen adsorption 
of tungsten, O' was the primary desorption product for initial stages of oxygen exposure, 
while tungsten oxides appeared for later stages [59],
It has been reported that exposing polycrystalline W to an oxygen exposure of 5 L 
results in a coverage o f -  1 ML [58,60,71], with second monolayer formation occurring at 
exposures on the order of 100 L [58]. In the present experiments, the W surface is 
subjected to repeated annealing and thermal cycling, a process which has been found to 
induce reconstruction such that the surface becomes multifaceted, exhibiting several low- 
order planes [59,69,72], Precise characterization of oxygen adsorption onto a W surface 
is made difficult by the coexistence of several different adsorption structures, the identity
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and extent of which depend on oxygen coverage, temperature and annealing history, 
particularly for low coverage; in fact, the rapid changes in adsorption site patterns and 
surface work function for low coverage [59,61,73] may be the cause of the dramatic yield 
variation for low coverage in Fig. 3.1.1(a). Although the extent and nature of the surface 
reconstruction appear to be highly dependent on temperature and oxygen coverage, 
several studies have indicated that W(100) facets dominate polycrystalline W surfaces that 
have been prepared as in the present experiments [69], For single crystal W(100), it has 
been observed that oxygen exposures as small as 2-3 L result in monolayer formation 
[70,74,75], Thus we assume that 1 ML coverage of our polycrystalline W surface has 
been achieved for an oxygen exposure o f 6-8 L.
For W exposed to CH3C1, Zhou et al. [76] argue that CH3C1 molecules bind to the 
W surface though the halide, and that about 16% of the molecules at molecular saturation 
coverage (-1 .5  molecular ML coverage) undergo decomposition in which the methyl 
group dissociates, leaving Cl firmly attached to the W substrate. The remaining CH3C1 
molecules readily desorb intact from the surface at room temperature, whereas Cl desorbs 
only at very elevated temperatures. Thus one would expect Cl monolayer coverage to 
occur for an exposure of about 1.5/0.16 -  10 L CH3C1. The present results suggest that 
this is the case; as seen in Fig. 3 .1.1(b) above, the secondary emission saturates for CH3C1 
exposures around 10 L. That Cl' and not carbon-compounds of Cl reside on the surface, 
is supported as well by the mass spectra in Fig. 3.1.6(b) above, in which Cl' is shown to  be 
the sole secondary anion emission product.
As referred to in Section 1.3.2, results o f previous investigations led to the
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development of a model that can provide for the observed secondary emission of both 
electrons and anions from oxygen-adsorbed Al, Mo and stainless steel surfaces [24,33,34]. 
In that model, the emission was depicted as resulting from a collision-induced excitation 
and subsequent decay of a binary system, e.g. AlO"; electrons and O' were the secondary 
emission products. The O-W interaction is not as simple, however, as O' is not observed 
to be the dominant secondary anion in this case. According to Bauer et al. [59], oxygen 
chemisorbs dissodatively on top of a W(100) surface. With an increase in oxygen 
coverage, the stoichiometry of the O-W interaction changes such that a single W atom is 
bound to multiple O atoms, resulting in increased lattice relaxation and reduced binding 
energy for surface W atoms with respect to the bulk. This view is supported by thermal 
desorption data, which show that tungsten oxides desorb from W at lower temperatures 
than does atomic oxygen, and that the relative intensity of the tungsten oxides increases 
with increasing oxygen coverage in compatibility with the present results in which WOx' is 
the dominant secondary anion. The oxygen adsorption process can be thought of in a 
simplified manner by the recognition of two distinct adsorption patterns: WO' formation at 
the lowest exposures of oxygen, and the additional formation of W-WOx' at higher 
exposures. Since a precursor oxide of higher coordination obviously requires more near- 
neighbor adatoms, the source of secondary O' at the lowest coverages is presumed to be 
WO', the singly-coordinated oxide [59,68,70], As seen in Fig. 3.1 6(a), the [W0x']/[0 ] 
ratio R increases with increasing oxygen exposure, but the saturation of the total yield 
(Fig. 3.1.1 (a)) and of the electron/anion ratio (Fig. 3.1.3(a)) suggests that the anion yield 
saturates at around 6 L oxygen exposure. This suggests that the emission of O' actually
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decreases as oxygen coverage increases, suggesting that O' continues to arise from a 
singly-coordinate oxide and that oxides of higher coordination are favored for higher 
oxygen coverages. The W-WOx' complex could then be considered as WOx' bound to the 
W substrate, where the W-W bond has been weakened as discussed above. Collisional 
excitation of a WO' complex is presumably responsible for O' emission, while the 
excitation of a W2Ox" complex would result in the emission of WOx.
Chlorine adsorption, unlike that of oxygen, does not induce reconstruction of the 
tungsten surface [77]; this suggests that chlorine does not weaken the surface-bulk W-W 
bond to the extent that oxygen does. Only desorption of Cl is observed in thermal 
desorption studies of Cl adsorption on tungsten surfaces; no WCl^ products were observed 
[78-80]. Our observation of Cl' alone in secondary mass spectra, as in Fig. 3.1.5(b), is 
compatible with the assumption o f the favorability of a WC1' surface state.
3.1.3.2 Modeling collision-induced secondary emission from adsorbed tungsten: In a 
manner after the discussion of Section 1.3.2, let us assume that oxygen and chlorine 
dissociatively chemisorb onto the tungsten surface, residing on the surface with a negative 
charge of at least 0.6e [60,70,81], This results in the formation of a surface state 
resembling WX', where X denotes the adsorbate. If an impacting ion electronically excites 
WX' to an antibonding state (WX')*, the negative ion X' may exit the surface intact or 
decay by electron emission into the vacuum or alternatively back into the metal.
Once the appropriate surface states are determined for each adsorbate, the 
probability of emitted electron and anion survival into the vacuum may be calculated. It 
can be inferred from Fig. 1.3 that an increase in electron affinity can generally be
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correlated with a decrease in crossing distance zc; concurrently, the ion survival probability 
(Eq. 1.16) will increase and the electron survival probability (Eq. 1.17) will decrease.
Thus, higher anion yields and lower electron yields would be expected for ion 
bombardment of surfaces with adsorbates with higher electron affinities. Fig. 3.1.2 shows 
this trend clearly; for the case o f Cl/W, the ratio of secondary anion yields to the 
electron yields (YE) is large compared with that of the O/W system. For example, at a Na+ 
impact energy of 150 eV, {YA/YE} ~ 8 for C1AV whereas {YA/YE} ~ 1/4 for O/W at the 
same impact energy. The electron affinity of Cl" (3.6 eV) is substantially larger than the 
value reported for W 02" (2 eV [82]) and slightly larger than that of W 03" (3.3 eV [83]).
Using the survival probabilities ofEqs. 1.16 and 1.17, the kinetic energy 
distributions, S(E), may be calculated for secondary anions and electrons as a function of 
the secondary emission energy E (Eq. 1.18). The calculated (normalized) kinetic energy 
curves are compared to the data in Fig. 3.1.4; parameters (described in Table 3.1) related 
to the curves depicted in Fig. 3.1.4 can be adjusted to maximize the fit of the calculated 
distribution to the data observed. Adsorption and gas phase bond strengths for WC1 are 
taken from Ref. [81], and the electron decay widths Av(z) and AM(z) are assumed to be 
similar to those used to describe the O/Al system in previous calculations [24,39], For the 
O/W system, the exiting anion was taken to be W 02" for the purposes of calculation, since 
Ota et al. [84] have shown that the nearest neighbor O-W distance for an O/W system 
with 0.5 ML oxygen coverage (1.65 A) corresponds closely to the O-W bond length in 
bulk W 02 (~ 1.9 A).In conjunction with the argument above, smaller electron emission 
widths were used for the Cl/W system than for O/W, since the electron affinity of Cl" is
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larger than the electron affinity of W 02'; the crossing distance zc was increased for the 
OAV calculation as well.
The parameters used in the calculation are as follows: E„ the energy o f the 
repulsive curve at the equilibrium distance of the excited state from the surface; Kj, an 
“initial momentum” term used in the excited state velocity of Eq. 1.15; b, indicative of the 
width ( l/ /b )  of the initial distribution of surface states; z^, the equilibrium distance of the 
surface state distribution from the surface; zc, the crossing point beyond which electron 
decay to the vacuum is prohibited; Avo, the initial width o f electron decay to the vacuum; 
yv, the inverse decay length of electron decay to the vacuum; A^,, the initial width of 
electron decay to the metal; yM, the inverse decay length of electron decay to the metal. 
The table below lists values used to fit calculated distributions for the OAV and C1AV 
substrates, and compares them to values used in previous calculations for the O/Al system 
[56].
The origin and physical meaning of the parameters listed in Table 3.1 will be 
discussed in further detail in Section 6.5. It is worth noting that the equilibrium distance 
used in the OAV calculation is less than that used for the O/Al calculation; some 
justification for this may be derived by looking at the differences between W-W and Al-0 
interaction, since these are the bond that must be broken in order to effect the secondary 
anion emission observed for each system (W 02' and O', respectively). The surface free 
energy (surface tension) for W exceeds that of Al (0.043 and 0.016 eV/ao2, respectively, 
meaning that W lattice atoms are more tightly bound to begin with [85]); indeed, the 
elemental bond length for W-W is less than that for Al-Al (2.74 and 2.86 A, respectively).
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TABLE 3.1 Parameters used in calculations.
Parameter | Al (O') W (WO,') W (Cl*)
Es (eV) | 1.4 2.3 1.9
K i W  ........_ J 0.1 1 0.2
b (I/O 0.3 0.32 0.32
ZailSal---------------1 3.17 1.8 3.2
A OO 1 4.35 6.5 5.3
I0 0.0215 0.01 0.018
Yv (l/a„) 1 0.119 0.119 0.119
AMo (eV) | 1.0 0.16 0.2
Ym (l/a0) 0.9 0.9 0.9
In order to effect W 02‘ emission, bond dissociation will have to occur beneath the first 
layer of W atoms, whereas the bond dissociation required for O' emission will occur in the 
super-surface region. Thus one would expect OAV surface states to reside closer to the 
surface than O/Al states. The value used for the initial width for electron decay to the 
metal (AMo) is less for the W substrate than for the Al substrate. This may be viewed in 
light of the observation that the electronegativity of the adsorbate (3.4 for O, 3.2 for Cl) is 
closer to that o f W (2.4) than that of Al (1.6); when a surface species departs the 
substrate, the loss of (negative) charge from the W substrate will not be as great. The 
positive charge density that an electron sees when it is on O' departing the Al surface, on 
the other hand, will be greater, facilitating electron decay back to the metal.
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3.1.4 Summary.
In summary, oxygen adsorbs dissociatively on a tungsten surface whereas exposure 
of the surface to methyl chloride results in adsorption of the halide; adsorption saturates in 
the range of 5-10 L of 0 2 (CH3C1) exposure. The presence of an adsorbate significantly 
enhances secondary anion and electron emission resulting from low-energy Na+ 
bombardment of the W surface for both oxygen and chlorine absorption. The yields of 
secondary product rise with increasing adsorbate exposure, but the dependence upon Na+ 
impact energy differs notably between the OAV and C1AV systems. The secondary anion 
products from the OAV (C1AV) system consist o f primarily tungsten oxides (chloride), 
reflecting the greater complexity of the oxygen-tungsten surface interaction. The present 
studies cannot adequately address finer points of surface morphology associated with 
either adsorbate system but the data suggest that the Cl-adsorbed W surface does not 
undergo reconstruction to the extent that the O-adsorbed W surface does. Differences 
between the electron affinities of the secondary anions results in different anion survival 
probabilities; by adjusting the appropriate parameters, the secondary anion and electron 
kinetic energy distributions can be calculated to good approximation of the observed data 
for both the OAV and C1AV systems.
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3.2 Aluminum
3.2.1 The aluminum surface.
Aluminum (Al) has an atomic mass of 26.98 u and an electronic configuration of 
ls22s22p63s23p1. With a valence of +3, Al bonds readily to oxygen to form the tri­
coordinated A120 3 structure. The Al-0 adsorption interaction as well as ion bombardment 
of the Al surface have been relatively well-explored experimentally; in addition, Al lends 
itself easily to theoretical investigations. Due to its relative simplicity and good 
conductivity the Al surface is readily modeled with such approximations as the so-called 
jellium model of ffee-electron metallic surfaces, in which the surface wave-function is 
represented as sinusoidal below the surface and as a decaying exponential above. In the 
jellium model, the parameter rs, which is indicative of interstitial electron density, is 
commonly taken to be about 2ao for Al [86],
In the proposed mechanism for secondary emission described in Section 1.3.2 the 
adsorbate-surface interaction is modeled as a binary system in which lattice and bulk 
effects are largely ignored. Therefore it is a key assertion of the model that, being 
mediated by simple molecular potentials, the secondary emission processes are not 
significantly dependent on surface structure. Such relative insensitivity has been observed 
in experiments comparing polycrystalline and single-crystal molybdenum [33], and it is of 
interest to explore this concept further for two different morphologies o f Al, comparing 
the results to other experimental and theoretical investigations.
The Al samples used in the present experiments were a 3.2 x40 mm2 
polycrystalline ribbon of 0.04 mm thickness manufactured by Alfa Aesar to be of
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99.9995% purity, and a thin single-crystal surface of (111) orientation and 13 mm 
diameter. Each surface was prepared by sputter-cleaning with the Ar+ cleaning beam for a 
duration in excess of 12 hours. Oxygen exposure was achieved in the manner described 
previously in Section 2.3.2.
3.2.2 Aluminum results.
3.2.2.1 Yields: The secondary electron (a) and anion (b) emission probabilities (yields) 
for O', Ar+, Ne+ and He+ incident on polycrystalline Al are shown in Figs. 3.2.1-3.2.4 as a 
function of primary ion impact energy and of the Al substrate’s exposure to oxygen. The 
same type of data for the example of Ar+ incident on Al(l 11) are shown in Fig. 3.2.5 as a 
function of Ar+ impact energy and of oxygen exposure. Comparing Figs. 3.2.2 and 3.2.5 
for incident A r, it can be seen that more variance in the emission probability exists for the 
single crystal substrate. For polycrystalline Al, the electron (anion) yield rises from 4.5% 
(0.02%) at the lowest Ar+ impact energy and oxygen exposure, to 5.9% (1.8%) at the 
highest energy and exposure; in the case of A l(lll) , the electron (anion) yield ranges from 
2.4% (0.3%) to 5.2% (0.9%). The Ar+-induced emission probabilities are slightly lower 
for Al( ll l)  but it is clear that the trends of the data are similar when one compares 
polycrystalline and single crystal Al surfaces: for both, electron emission probabilities vary 
about 0.4% across all exposures for any given impact energy, displaying no clear signs of 
adsorbate-induced change, whereas the anion emission probabilities undergo a small but 
perceptible increase as the oxygen exposure is increased.
Secondary electron (a) and anion (b) yields are shown separately in Fig. 3.2.6 as a
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Fig. 3.2.1 The secondary electron (a) and anion (b) emission probabilities for O' 
impacting a polycrystalline Al substrate are shown as a function of O' impact energy and 
oxygen exposure.
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Fig. 3.2.2 The secondary electron (a) and anion (b) emission probabilities for Ar+ 
impacting a polycrystalline Al substrate are shown as a function o f Ar+ impact energy and 
oxygen exposure.
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Fig. 3.2.3 The secondary electron (a) and anion (b) emission probabilities for Ne+ 
impacting a polycrystalline Al substrate are shown as a function of Ne+ impact energy and 
oxygen exposure.
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Fig. 3.2.4 The secondary electron (a) and anion (b) emission probabilities for He+ 
impacting a polycrystalline Al substrate are shown as a function of He+ impact energy and 
oxygen exposure.
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Fig. 3.2.5 The secondary electron (a) and anion (b) emission probabilities for Ar+ 
impacting an A l( lll)  substrate are shown as a function of Ar+ impact energy and oxygen 
exposure.
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function of 0 2 exposure for O', Ar+, Ne+ and He+ incident at about 250 eV upon 
polycrystalline Al; the same are shown for Al(l 11) in Fig. 3.2.7. The electron and anion 
emission probabilities are slightly lower for rare gas ion bombardment o f the (111) 
surface, whereas these probabilities are higher for O' bombardment of the same. The 
absolute values of the yields vary, then, from one substrate to the other, but the dynamical 
response to increased surface adsorption is fairly uniform for both substrates, and depends 
strongly upon the projectile species. For noble gas bombardment, the electron yield 
remains relatively constant as a function of oxygen exposure at roughly 4%, 13% and 14% 
for Ar+, Ne+ and He+ respectively. In fact, the electron yields for each ion varied little 
from these values over the ranges of impact energies and oxygen exposures that were 
studied. On the other hand, for O' bombardment the electron yields rise as 0 2 exposure is 
increased. This trend may be seen more clearly in Fig. 3.2.8, where the ratio of electron to 
anion yields is shown as a function of oxygen exposure for O', Ar+, Ne+ and He+ incident 
at about 250 eV on polycrystalline Al; the ratios for noble gas bombardment decrease to 
level off at about 300 L 0 2 exposure, whereas the ratio for O' bombardment, strikingly, 
behaves in the opposite manner: it increases. For all projectiles, the absolute anion yield 
increases only slightly (if at all) as exposure and impact energy increase. Comparing Figs. 
3.2.6 and 3.2.7, it can be seen that for O' bombardment, the secondary anion yield is not 
zero for zero exposure levels, undoubtedly due to elastic and inelastic scattering of the O' 
beam. Hence the true anion yield at the highest oxygen exposures is on the order of 0.5 
%. This reflection of the incident O' beam is observed to be greater by an order of 
magnitude for the single crystal Al surface, which is not surprising since the (111) surface
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Fig. 3.2.6 Secondary electron (a) and anion (b) emission probabilities are shown as a 
function of oxygen exposure for O' (dash-dotted line), Ar+ (solid), Ne+ (dashed) and He+ 
(dotted) incident on polycrystalline Al at about 250 eV.
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Fig. 3.2.7 Secondary electron (a) and anion (b) emission probabilities are shown as a 
function of oxygen exposure for O' (dash-dotted line), Ar+ (solid), Ne+ (dashed) and He+ 
(dotted) incident on A l(lll)  at about 250 eV.
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Fig. 3.2.8 The ratio of electron to anion yields is shown as a function of oxygen exposure 
for O' (dash-dotted line), Ar+ (solid), Ne+ (dashed) and He+ (dotted) incident on 
polycrystalline Al at about 250 eV.
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is flatter and more structured than is the polycrystalline Al surface. Only ions emitted with 
an energy on the order of a few eV are detected, which suggests that any reflected O" that 
are collected have undergone inelastic collisions before reflection from the surface.
3.2.2.2 Kinetic energy distributions: Normalized secondary electron (a) and anion (b) 
kinetic energy distributions are shown in Fig. 3.2.9 for 230 eV O', 270 eV A r, 270 eV 
Ne+ and 370 eV He+ incident on polycrystalline Al exposed to 100 L oxygen; analogous 
distributions for the Al(l 11) surface (not shown) are similar. The electron distribution 
curves are generally a little broader than those for the anions, but there appears to be little 
appreciable change in the shape of the secondary distributions as oxygen exposure is 
increased. Secondary electrons are emitted at a most probable energy of 1.9 (3.2) eV for 
Ar+ (O', Ne+, He+) bombardment. The positions of the secondary anion distributions are 
more energy-variant, depending on the projectile; all secondary anions, including those 
that are scattered as seen in Figs. 3.2.S-6, are emitted at a low most probable energy of 
about 2, 2.7, 3.8 and 4 eV for Ar+, O', Ne+ and He+ bombardment respectively. To 
demonstrate the extent in the response of the secondary electron kinetic energy 
distributions to impact energy or oxygen exposure, the fufl-width-half-maxima (FWHM) 
of the distributions in Fig. 3.2.9 are compared with those for a clean surface and for 
incident 470 eV Ar+ as well (see Table 3.2.1). The change in FWHM due to oxygen 
adsorption is shown as a percentage.
Upon comparing the FWHM for distributions due to Ar+ bombardment, it is 
apparent that the presence of an adsorbate effects more change than does an increase in 
impact energy, though neither impact energy nor adsorbate level has much bearing on the
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Fig. 3.2.9 Normalized secondary electron (a) and anion (b) kinetic energy distributions 
are shown for 230 eV O' (dash-dotted line), 270 eV Ar+ (solid), 270 eV Ne+ (dashed) and 
370 eV He+ (dotted) incident on polycrystalline Al. The oxygen exposure is 100 L.
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shape of the distribution beyond its width. The width of the distribution due to He+ 
bombardment is observed to be the most susceptible to an increase in oxygen exposure.
TABLE 3.2.1 The change in FWHM due to adsorption.
Impact ion FWHM (eV) (clean Al) FWHM (0,-adsorbed Al) 1 % change
230 eV O' 4.4 4.7 +7
270 eV Ar+ 3.3 3.7 +12
470 eV Ar+ 3.5 3.7 +6
270 eV Ne+ 6.1 6.2 +2
370 eV He+ 3.9 4.7 +21
3.2.23 Mass spectra: A typical mass spectrum is shown in Fig. 3.2.10 for Ar+ incident at 
about 250 eV on a polycrystalline Al surface with about a monolayer coverage of oxygen. 
The dominant secondary anion is O", as was the case in previous studies of low-energy 
Na+ bombardment of oxygen-adsorbed Al [24], AlO' is present at about one-fifth the 
concentration of O'; trace amounts of A102* and 0 2' are observed as well. This suggests 
that the anions arise from dissociation of an excited Al-O' complex. Since the ionization 
potentials of O and AlO exceed that o f Al (13.6, 9.5 and 6 eV respectively) a dissociation 
pathway resulting in 0 + or A10+ is energetically unfavorable. The following dissociations 
could then lead to O' and AlO' anion formation:
(Al(s) - 0~)* —— Al(s) + 0~ (3.2.1)
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Fig. 3.2.10 The anion spectrum resulting from bombardment of polycrystalline Al with 
250 eV Ar+ is shown. The oxygen coverage is ~ 1 ML.
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(a1(s) -  AlO')* — Al(s) + AlO- A l(s) + A 1+0- (3.2.2)
where Al(s) denotes a surface Al atom. That O" emission is more probable than AO" 
emission might seem somewhat surprising upon comparing the diatomic bond strengths of 
Al-0 and Al-Al (5.3 and 1.9 eV respectively), but an examination of the adsorption 
kinetics elucidates the O-Al interaction: Auger electron spectroscopy (AES) data from 
Michel et al. [87] show that, as a function of oxygen exposure on an Al(l 11) surface, the 
chemisorbed O KLL signal (IQ) increases to saturate at about 50 L 0 2 exposure, while the 
elemental Al L23W  (1^) decreases sharply to level off at about 1/3 Iq. The oxidized Al 
signal (Iox) increases slowly from 50 L to level off at about 2/3 Iq up to monolayer 
coverage. Therefore O continues to reside on the Al surface predominantly in a 
chemisorbed state; the majority of adsorbed O is not oxidatively bound to the Al surface, 
favoring desorption of O' rather than o f AlO" since formation of the A 20 3 structure 
involves, by necessity, incorporation of oxygen into subsurface sites with less accessibility 
to the probe beam [88],
After the style of the treatment of unimolecular decomposition rates in Ref. [89], 
some simple approximations of rate kinetics may serve to roughly quantify the reactions 
above. Both reactions in Eqs. 3.2.1-2 provide overall sources for O' and sinks for AO'; 
the reaction described by k2 provides a source for AO'. The decomposition rate for Eq.
3.2.2 is described by its characteristic time, r.
(3.2.3)
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Thus the overall rate for O' production, Icq, is given by the rate for Eq. 3.2.1 combined 
with the overall rate for Eq. 3.2.2:
(3.2.4)
and the overall rate for AlO' production, k^o, is given by the rate in Eq. 3.2.2 describing 
the AlO' source minus the overall AlO' depletion rate:
kA io -  k2
1
(3.2.5)
To relate these expressions to the experimental data, we suggest that the rates of O' and 
AlO' production are analogous to ion production branching ratios 5, and take kj ~ 51} k2 ~ 
52, kj1 ~ Sj’. If we use the approximation that 6 / ~ 6l5 since these branching ratios describe 
similar processes, then the ratio for O' and AlO' production becomes:
_ M __________
[a id  ] s 2 - X
8 j + 1/  , 1/
-i
1/  , 1
/ 8 o + /
(3.2.6)
Let us consider the AES data of Michel et al. above to be indicative o f the amounts o f O' 
and of AlO' that are available for desorption: Iq / Iox ~ 3 / 2, from their data. If we make 
the argument that the branching ratios for O' and AlO' production are proportional to the
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amounts of chemisorbed and oxidated substrate, respectively, and let Sj = 3 and S2 = 2, 
then Eq. 3.2.6 becomes:
which is the approximate [O'] / [AlO ] mass ratio observed from our data in Fig. 3.2,10 
above.
3.2.3 Aluminum discussion.
3.2.3.1 Oxygen bonding on the polycrystalline and (111) aluminum surfaces: The
nature of the interaction of oxygen with the Al surface is dependent on the Al crystalline 
structure as well as on ambient temperature and oxygen pressure. Of all the low-index 
faces of Al, the closely-packed (111) single-crystal surface is most similar to the 
polycrystalline surface. Its fee structure with an Al-Al bond length of 2.85 A [90] and 
interlayer distance of 2.34 A [41] results in a dense top layer with distinct preferred- 
bonding sites for oxygen atoms- the so-called “three-fold” sites, which are not readily 
penetrated by the oxygen atom adsorbing at an equilibrium distance of about 0.70 A above 
the surface [41,87,90-94], Because of oxygen’s greater electronegativity (3.4, compared 
to aluminum’s 1.6), oxygen resides on the Al surface with a net negative charge [95], 
though the magnitude of this charge varies with its position with respect to the surface 
plane and reaches a maximum value at the equilibrium distance [96], Studies have found
[<9 ~] 3 + /^X83 5 (3.2.7)
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that oxygen is adsorbed readily onto the Al surface: the dissociation energy of 0 2, D (02), 
is 5.12 eV whereas D(AIO) is 5.15 eV, resulting in the favorability by ~ 5 eV of a single 
0 - 0  bond dissociation and subsequent two-fold Al-0 bond formation [41]. The 
chemisorption energy of an O atom onto an Al(l 11) lattice has been calculated by 
Yourdshahyan, et al. to be 7.55 eV/atom [97]. Recent studies of the initial sticking 
coefficient at room temperature for oxygen incident upon Al(l 11) have found it to be 
around 0.005 [98], though measurements for A l( lll)  and for polycrystalline Al have 
ranged from 10'1 to 10'3 [41,99], It seems to be well agreed upon that after an initial 
chemisorptive stage up to around 50 L oxygen exposure, adsorption proceeds via 
oxidation, as characterized in photoemission measurements by the Al 2p level shift o f 2.7 
eV and the O Is level broadening to 2.2 eV [31,88,100,101]. At these higher coverages, 
lattice relaxation occurs as a result of oxidation [87,102], and the Al-0 bonds begin to 
resemble those of the final oxidation product, A120 3, as O and Al atoms intermix by 
subsurface incorporation, place exchange and the outward displacement (“hopping”) o f Al 
lattice cations into the oxygen over-layer [103,104].
Alteration of the Al surface work function due to oxygen adsorption has been a 
topic of some contention over the past few decades; early researchers found a slight (-0.05 
to -0.1 eV) decrease in the work function during monolayer accumulation (> 100 L) for 
both polycrystalline Al and A l(lll), and attributed their observation to chemisorptive 
activity in which oxygen is incorporated in sublayers of the Al lattice [87,88,99,100,105- 
107], The work function decrease was a puzzling observation, however, due to the fact 
that oxygen chemisorption on metallic surfaces generally occurs above the first layer,
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involves electron capture by super-surface oxygen atoms, and results in a dipole moment 
directed opposite the induced electric field and into the surface. Such chemisorption 
would be expected to result in an increase of the surface work function. It is generally 
agreed that the initial interaction of oxygen with Al is indeed chemisorptive up to about 50 
L exposure, and many authors explained the observed chemisorption-work function 
discrepancy by suggesting that the dissociated oxygen atoms undergo incorporation into 
Al lattice sublayers, and that surface and subsurface species coexist from the earliest 
adsorption stages [28,31,87,88,100,106-109]. Later authors suggested that the formation 
of oxygen island structures above the surface is favored due to the dense lattice structure 
and may result in the same dipole effects [91,92,110]; Mitrovic et al. found that initial 
oxygen occupation of subsurface sites was, in fact, little to none (< 2.5%) [111], An 
interesting comparison can be made with the single-crystal Mg(0001) surface, which 
shares many crystalline and electronic properties with A l(lll) ; up to 10% of oxygen 
adsorbent is incorporated in Mg lattice sublayers [112]. Calculations have shown that due 
to relaxation effects of the adsorbed surface only certain configurations of sublayer site 
adsorption lead to work function decrease, i.e. the two are not uniquely correlated as 
supposed previously [113],
In summary, therefore, polycrystalline Al and A l( lll)  are comparable surfaces due 
to their close-packed structures, initial oxygen sticking coefficient on the order of 10'2, and 
a slight oxygen adsorption-induced work function decrease on the order of -0.1 eV. 
Oxygen adsorption occurs in two general stages: below 50 L, a chemisorptive super­
surface island-formation stage; above 50 L, an oxidative stage in which oxygen islands
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fuse and oxygen is incorporated into lattice sublayers. Monolayer coverage is attained for 
oxygen exposures of about 300 L.
3.2.3.2 Modeling collision-induced secondary emission from adsorbed aluminum:
Studies of noble-gas ion bombardment of the aluminum surface have resulted in a fairly 
well-developed understanding of the ion-surface interaction. For incident ion energies on 
the order ofkeV, the secondary emission yield results from polycrystalline Al and Al(l 11) 
have been observed to differ insignificantly, perhaps due to bombardment-induced surface 
roughening [114]; this observation is congruent with the present results, in which emission 
probability trends are found to be largely the same for polycrystalline and (111) Al 
substrates. Many of the previous studies have focused on secondary electron emission 
resulting from the bombardment, investigating characteristics of the Auger mechanisms of 
the resulting electron excitation. Attempts have been made to predict the secondary 
electron emission yields as a function of the projectile’s ionization potential; Kishinevsky’s 
coefficient of potential emission [115] was derived from the theoretical description of 
Hagstrum [16]:
where Ep is the substrate Fermi energy (11.7 eV for Al), IP is the incident ion ionization 
potential, <j> is the surface work function (4.3 eV for Al). Eq. 3.2.8 is valid for the range 
3<J> < BP < 2(Ep + <j>). An empirical calculation for potential electron emission yield was 
developed as well by Baragiola et al. [116]:
(3.2.8)
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7 p3  = 0.032(o.78IP-  24i) (3,2.9)
Table 3.2.2 shows values o f the potential electron emission calculated with Kishinevsky’s 
equation (Eq. 3.2.8), yp?K, and with the empirical equation (Eq. 3.2.9), ypB, for a clean Al 
surface as a function of the IP of the incident ion, in comparison to the secondary electron 
yields measured in the present experiments, y. The values for y, taken from Fig. 3.2.6, are 
for ions incident at 270 eV, and are averaged across all 0 2 coverages from none to ~ 1 
ML.
TABLE 3.2.2 Calculated and experimental values of the electron yield.
Incident ion IP(eV) y, b (%) y (%) 1
Ar+ 15.8 7 12 4.2 ±0.3
Ne+ 21.6 15 26 13.3 ± 1.0
He+ 24.6 19 34 14.3 ±0.5
O' 7.8 ±5.0
Yamauchi et al. [117] found that their yield (7 %) for keV Ar+ incident on Al was 
better represented by Kishinevsky’s equation, yPjK. Our data are better predicted by 
Kishinevsky’s equation than by the empirical equation, ypB, but neither provides a very 
satisfactory description as seen by the significant discrepancies in Table 3.2.2. The 
variances shown for our data are meant to be indicative of the change in the yields as a 
function of 0 2 exposure from zero to monolayer coverage; that these numbers are small
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for incident Ar+, Ne+ and He+ suggests that 0 2 adsorption has little to no effect on 
secondary electron emission processes. Data is shown in Table 3.2.2 for incident O' as 
well; that the variance of the yield is significant demonstrates that the presence of the 
adsorbed oxygen plays a major role in secondary electron emission from O' bombardment. 
The stark contrast between the secondary electron emission results for O" and for the rare 
gas ions will be addressed in more detail in Sections 6.2-6.S.
Potential electron emission yields calculated from Eqs. 3.2.8 and 3.2.9 for He+,
Ne+ and Ar+ bombardment of the Al surface do not correlate well with our data for the 
adsorbed Al substrate, but the fact that our measured yields vary little with oxygen 
adsorption suggests that virtually all of the secondary electrons observed in our 
experiments with noble-gas ion bombardment originate from potential emission processes. 
It is seen that while there is insignificant change in the secondary electron emission when 
oxygen is adsorbed onto the Al surface, the secondary anion yields increase slightly; the 
latter may be an indication that there is a small contribution via mechanisms other than 
potential emission. Oxidation of the Al surface is known to increase electron emission 
induced by noble gas ions of keV energy [118] even by a factor of 2-3 [32]; Bartholome at 
al. explain this increase as due to a decreased activation energy for electron emission from 
insulating materials as well as a bandgap-induced energy threshold which limits the energy 
loss modes, resulting in the favorability of electron emission events [32], Information on 
the adsorbate effects on low energy probe beams is scarce, however. Smith et al. did in 
fact see a 175% increase in the 700 eV Ar+-induced secondary electron emission after 
oxidation of an Al surface, which they attributed to the increased inelastic mean free path
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of an electron in the insulating oxidized upper layer of the substrate [46]; this may be due 
to a number of factors in their experiment which set it apart from the present experiments, 
however, such as the fact that the actual degree of oxidation at any given time was 
unknown in that part of their experiment. The experiments cited above involve incident 
energies near and above the threshold for kinetic electron emission; that there is no change 
in our observed secondary electron emission yields as a function of adsorbate exposure, 
lends further support to our hypothesis that the secondary electrons observed from noble 
gas bombardment are almost exclusively emitted by potential mechanisms.
Previously observed kinetic energy distributions o f secondary electron emission 
induced by keV noble gases on Al have the same basic modified Gaussian form as that 
depicted in Fig. 3.2.9, with a most probable energy of a few eV [11,28,117,118]; these 
distributions are similar to those distributions calculated and measured by Hagstrum et al. 
for noble gases on various metallic surfaces, with most of the electron emission in the 
thermal energy range [16,119], For example, in a theoretical study by Nishimura et al. 
[120] for He+ and Ar+ on Au, calculations of potential and kinetic contributions to 
secondary electron emission showed that potentially-emitted electrons dominate the 
kinetic energy distribution for impact energies of 1 keV, with a most probable energy of a 
few eV. Differences in the structure of energy distributions can be attributed to bonding 
energy differences [10], decay processes [121,122], and excitation processes [123], to 
name a few. Baragiola and Duke found evidence of plasmon decay in high-resolution 
kinetic energy distributions of secondary electrons emitted from low energy (30 - 4500 
eV) He+, Ne+, and Ar+ at grazing incidence on polycrystalline Al [121], In those
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distributions, the FWHM varied little with incident energies from 50 - 500 eV; the 
distribution due to Ar+ bombardment had a FWHM that was less than those of the 
distributions due to He+ and Ne+, due to the lower ionization potential o f Ar. Similar 
trends in our data for projectiles incident at about 250 eV can be seen in Table 3.2.1, in 
that the FWHM for He+ and Ne+ distributions are greater than that for the Ar+ distribution. 
At higher incident energies, structure due to impact-induced surface and bulk plasmon 
generation is observed more readily, though. Using He+ and Ne+ ion beams with kinetic 
energies < 10 keV, Eder et al. observed a smoother distribution curve shifted to lower 
emission energy for an oxidized Al( l l l )  substrate compared to that for a clean substrate; 
they attributed the loss of structure to adsorption-induced suppression of surface and bulk 
plasmons, and the energy shift to the adsorption-induced work function decrease [114].
In the present experiments, little to no variance was observed in the kinetic energy 
distributions as a function of adsorbate exposure, even comparing the clean surface to that 
with a monolayer of adsorbed oxygen. For clean Al, secondary electrons resulting from 
the decay of bulk and surface plasmons contribute to spectral features at 11 and 6.6 eV, 
respectively [114]; the lack of clear evidence in our data for such plasmon processes 
suggests that it contributes little to the secondary emission processes that we have 
measured.
One item of omission that the above studies have in common, however, is that the 
emission of secondary negative ions appears to have been neglected, whereas in the 
present experiments it is measured to be small but not always insignificant, in the few- 
percent range. So-called sub-threshold kinetic emission theories that are dependent on the
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incident ion’s ionization potential are not applicable to an O' projectile, which has no 
potential energy; the fact that the secondary electron kinetic energy distributions for 
incident O' display the same characteristics as those for the incident cations suggests that a 
mechanism dependent on a projectile’s ionization potential may not fully describe what is 
occurring in all o f these cases. Fig. 3.2.11 depicts, as a function of projectile ionization 
potential, secondary electron and anion yields for O', Na+, Ar+, Ne+ and He+ incident at 
about 250 eV on polycrystalline A1 (a) and Al(l 11) (b) exposed to ~ 100 L 0 2 (data for O' 
are shown at its electron affinity of 1.5 eV; data for Na+ are taken from Ref. [124]). The 
anion yields from Ar+, Ne+ and He+ bombardment are quite small; potential electron 
emission processes apparently dominate the projectile-surface interaction. On the other 
hand, where potential emission is precluded, the anion yields (from incident O' and Na+) 
are not small. This suggests that a model o f adsorbate-moderated secondary emission 
should have some provision for anion emission as well as electron emission. After the 
manner of Section 3.1.3.2 and in light of the results from the mass spectra (Fig. 3.2.10), 
we model our initial surface states as A^O', where x is the number of A1 atoms to which O 
is coordinated. Oxygen resides at an equilibrium distance z^ from the A1 surface with an 
effective negative charge due to efficient ionization from the Fermi level to its lowered 
affinity level near the surface [95], Ion bombardment can result in the electronic excitation 
of the complex to an excited antibonding state: A^O" ->  (A^O')*. A schematic of this 
process is depicted in Fig. 3.2.12, using values for the chemisorption energy [97], z^ [41], 
Amo, Avo, yM, and yv [24] suggested by references above; values for the work function (<[))
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Fig. 3.2.11 The secondary electron (dashed line) and anion (solid) emission probabilities 
are shown as a function of the ionization potential of the impacting ion for O', Na+, Ar+, 
Ne+ and He+ incident on polycrystalline A1 (a) and Al( ll l )  (b). The kinetic energy of the 
projectile is ~ 250 eV, and the oxygen exposure is 100 L. Data for incident O' are shown 
at its electron affinity o f -1.5 eV; data for incident Na+ are taken from Ref. [124],
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Fig. 3.2.12 A schematic of the collision-induced excitation mechanism is shown for the 
oxygen-adsorbed A1 substrate, with the energy levels given with respect to the vacuum 
level (at zero energy) and sketched after information provided by references in the text.
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and Fermi energy of A1 are taken from Ref. [125], This excited state may undergo 
dissociative decay to result in the negative ion O' exiting the surface intact with kinetic 
energy 5Eion. It is interesting to observe from Fig. 3.2.9 that the most probable secondary 
anion energies vary rather significantly depending on the impact ion, with higher anion 
energies corresponding to incident Ne+ and He+. This would suggest that for these 
projectiles of higher BP, the excited state originates at a higher kinetic energy SE^ closer 
to the surface on the repulsive curve depicted in Fig. 3.2.12; further discussion of this 
observation, and its role in elucidating the role o f a projectile’s BP in effecting secondary 
emission, is given in Section 6.2. The survival probability of O' depends on the exit 
velocity and can be substantial for metallic substrates, as shown in previous experiments 
and calculations [39,124], Further decay may result in electron emission into the vacuum 
at a rate of Av(z) or alternatively back into the metal at a rate of AM(z), where Av(z) + 
Am(z ) =  A ^ t z f t ) ]  is the total decay rate as a function of distance from the surface, z(t). It 
is also of interest to note that secondary electron and anion emission occur quite efficiently 
for the O' projectile, and that, unlike results for rare gas ion bombardment but similar to 
those for Na+ bombardment, this secondary emission appears to be adsorbate-mediated; 
this phenomenon is discussed in further detail in Sections 6.2 and 6.3.
3.2.4 Summary.
In summary, oxygen adsorbs dissociatively on polycrystalline and (111) aluminum 
surfaces; adsorption saturates in the range of 300 L of 0 2 exposure for both. For both A1 
surfaces, the presence of adsorbed oxygen significantly enhances secondary electron
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emission resulting from low-energy O' bombardment, suggesting that the secondary 
emission results from an adsorbate-mediated mechanism; these results are reminiscent of 
those for Na+ bombardment, in which secondary emission does not originate from 
potential mechanisms. On the other hand, the secondary electron emission induced by 
Ar+, Ne+ and He+ bombardment remains independent of 0 2 exposure, though it is not well- 
predicted by semi-empirical calculations for the electron yield based on the theoretical 
dynamics of potential electron emission. The secondary anion yields rise only slightly with 
increasing oxygen exposure, for all rare gas ion projectiles; the secondary anion products 
consist primarily of O' with small amounts of aluminum oxides, reflecting the supposition 
that for monolayer coverage, much of the adsorbed oxygen remains on the surface in a 
chemisorptive rather than an oxidative state. Kinetic energy spectra are very similar for all 
projectiles, with most probable energies around 2-4 eV; there is little change in the widths 
or peak positions of the distributions with adsorbate exposure or energetic properties of 
the projectile. The results were discussed in terms of models for potential emission and 
for emission resulting from collisionally-induced excitation of a surface state AlxO'.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHATTER 4
A SEMICONDUCTING SUBSTRATE: Si(100)
4.1 The silicon surface.
Silicon’s semiconductor properties are of obvious interest in a myriad of areas 
relating to materials and applied technology; it has an electronic configuration of 
[Ne]3s23p2, work function 4.52 eV, fee crystalline structure, lattice constant 5.4 A (300 
K), band gap 1.1 eV (300 K) and atomic weight 28.09 u. The interaction of oxygen with 
the silicon surface has application in materials processing; studying the interaction of low- 
energy ions with oxygen-adsorbed silicon pertains to plasma processes on a SiO substrate, 
and sheds light on the adsorption mechanism as well. Oxygen adsorption onto the single­
crystal Si(100) system has, in particular, been well-characterized though the more intricate 
details of the bonding configurations in initial chemisorption stages are still under 
investigation [126-8], The present experiments serve to explore the adsorbate-altered 
properties of Si, using incident low-energy Na+ in order to compare the secondary 
emission results with those due to Na+ bombardment of adsorbed metallic substrates.
Some results for low-energy Ar+ bombardment are shown as well, for purposes of 
comparison.
The sample used in the present experiments was a p-type, boron-doped (resistivity 
= 1 -5 0  cm) 38 x 7.6 mm2 single crystal cut from a wafer with 500 pm thickness and
93
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(100) symmetry. Some amount of dopant in the sample was necessary to prevent 
accumulation of excess charge which would render the surface potential indeterminate and 
thus thwart any meaningful analysis.
Cleaning was effected by cycles o f 3 keV Ar+ sputtering and resistive annealing to 
~ 1000 K. The cycles were repeated until TOF-SIMS and/or QMS measurements 
confirmed that there was negligible adsorbate remaining on the surface and that no H was 
present. Argon sputtering at high energies such as those used in the present experiments 
for cleaning purposes can induce local restructuring in a single-crystal silicon surface 
[129], but thermal annealing can remove surface defects and restore surface structure 
[130-3], In the present experiments, the exact condition o f the surface structure following 
sputter-cleaning and annealing could not be ascertained; however, previous investigations 
of amorphous and crystalline molybdenum [33], have found that the emission properties of 
the type explored in the present experiments are not significantly dependent on surface 
structure. Since our investigation’s focus is on general principles underlying the 
adsorbate-altered secondary emission mechanism, the precise nature of the surface 
structure is of secondary importance. In fact, the seeming insensitivity of these emission 
processes to surface structure may perhaps be attributed to those emission processes 
involving a simple molecular intermediate form, i.e. MoO' or SiO‘, rather than a complex 
in which the adsorbate atom is coordinated to multiple substrate atoms.
The presence of alkali metal is known to alter the surface work function [64-6] for 
metallic and semiconductor surfaces; studies such as that by Ortega et al. [134] show that 
accumulation of alkali metal on the silicon surface significantly enhances the kinetics o f the
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Fig. 4.1 The change in the work function of Si(100) is given as a function of Na+ (solid 
squares, given in nA-min) and 0 2 (open circles, given in L) exposure. The 0 2 exposure 
curve represents the average work function shift obtained from three different Na+ impact 
energies; the resulting variation of those measurements is shown as error bars. For Na+ 
exposure, the zero point was taken to correspond to a Na+ exposure of a few nA-min, viz., 
the amount accumulated during the course of data acquisition.
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oxygen chemisorption process, as well. Great care was taken, therefore, to limit the 
surface accumulation of sodium during the experiments. The Na+ beam has a diameter of 
about 3 mm, and intensity of several nA and is incident on the surface for, at most, a few 
minutes, resulting in the accumulation of only small fractions (~ 10'2) of a monolayer. 
Accumulation was prevented by resistively heating the surface before each exposure to 
oxygen. The extent to which sodium accumulation changes the surface potential can be 
seen in Fig. 4.1, which shows the change in surface work function, A<j), as a function of 
Na+ exposure. A<J) was determined by measuring the shift in the extrapolations to zero 
intensity of the sharp initial rise in each kinetic energy distribution for various sodium 
exposures. The shift appears to reach a level of saturation for exposures of -  250 nA-min, 
which corresponds to a coverage of 1.5 x 1015 ion/cm2 assuming a Na+ beam spot size of 
10 mm2 and a sticking coefficient of unity [135], This is about one monolayer coverage, 
which corresponds to the saturation coverage of one Na atom per Si atom [135,136], As 
emphasized earlier, at no time during the experiments did the sodium coverage accumulate 
to this degree.
4.2 Silicon results.
4.2.1 Yields: The combined secondary electron and anion yields are shown in Fig. 4.2 as a 
function of Na+ (a) and Ar+ (b) impact energy and of oxygen exposure of the Si(100) 
surface. The total yields for both projectiles rise with the increase of both impact energy 
and exposure, though the effect of adsorption is much less dramatic in the case of Ar+ 
bombardment. For an impact energy of 250 eV, the total yield due to Na" bombardment
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Fig. 4.2 The total (anion plus electron) secondary emission probabilities for Na+ (a) and 
Ar+ (b) impacting a Si(100) substrate are shown as a function of projectile impact energy 
and of oxygen exposure.
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rises steadily from zero with the increase of oxygen exposure for a gain of -  400% for 210 
L exposure, whereas the total yield due to 250 eV Ar+ bombardment appears to actually 
decrease slightly from -  5.5% to attain a minimum o f -  5.3% at about 50 L oxygen 
exposure, rising to 5.7% at 210 L exposure for an 8% gain. The secondary electron and 
anion yields are shown separately in Fig. 4.3 (a) as a function of Na+ impact energy for an 
oxygen coverage of about 1 ML; yields for incident Ar+ (b) are shown as well, for 
comparison. The electron yield did not exceed -  0.3% for any oxygen exposure or Na+ 
impact energy studied, and the ratio o f electron to anion yields has a very slight positive 
dependence on impact energy only; electron production was more favorable by an order of 
magnitude for Ar+ impact, however, and it can be seen from Fig. 4.3 (b) that the 
secondary electron yields for Ar+ impact are non-negligible even for zero oxygen 
exposure. The secondary anion mass spectrum for 250 eV Na+ incident on Si(100) with 
near monolayer coverage of 0 2 is shown in the inset o f Fig. 4.3 (a); O' is the dominant 
peak at 16 amu with some OH' formation due to the ubiquitous residual H20  present in 
the system. Silicon oxides Si02' and Si02H' were also present at 60 and 61 amu in smaller 
amounts; the relative yields of O' and Si02' rise steadily as a function of oxygen exposure 
(Fig. 4.4), but Si02' does not appear until the surface has accumulated about half a 
monolayer of oxygen coverage, even at the higher Na+ impact energies. The ratio [Si02' 
]/[0'] is shown in the inset of Fig. 4.4 as a function of exposure, and is averaged over the 
Na+ impact energies of 150, 250 and 450 eV; the ranges of the values are depicted as error 
bars for each data point in order to show how little the ratio depends on the impact 
energy. This ratio has little to no dependence on the oxygen exposure, as well, for
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Fig. 4.3 Secondary electron (open circles) and anion (solid squares) emission probabilities 
are shown as a function of Na+ (a) and Ar+ (b) impact energy for an oxygen coverage of 
about 1 ML. The ratio of electron to anion yields (dotted line) is given for each projectile 
as well. Inset: The anion spectrum resulting from bombardment of Si(100) with 250 eV 
Na+ is shown. The oxygen exposure is 210 L.
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Fig. 4.4 The yields for O' (solid symbols) and Si02' (open symbols) are shown as a 
function of oxygen exposure for Na+ impact energies o f 150, 250 and 450 eV (squares, 
circles and triangles respectively). The average ratio o f the two anion yields, [Si02] I 
[O'], is shown in the inset as a function of oxygen exposure; the variation of the ratio 
across the three impact energies is depicted as error bars.
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coverages in excess of one-half monolayer. No 0 2' or SiO' was detected. Similar mass 
spectra (not shown) were obtained for incident Ar+.
4.2.2 Kinetic energy distributions: Kinetic energy distributions of the negative ions are 
quite similar to those seen for oxygen and chlorine absorption on metallic substrates such 
as tungsten and aluminum [Sections 3.1, 3.2 above]. Fig. 4.5 shows the anion and 
electron kinetic energy distributions for 450 eV Na+ on Si(100) exposed to near 
monolayer coverage of oxygen. The main difference between distributions from metallic 
substrates examined in the past and those observed for the silicon substrate is the striking 
lack of secondary electrons. The electron kinetic energy spectrum is roughly of the same 
form as that observed for anions, but appears to be shifted by a few tenths of an eV to 
higher energies. The anion distributions are found to be remarkably independent of Na+ 
impact energy and oxygen coverage; the inset in Fig. 4.5 illustrates that point in the case 
of impact energy.
4.3 Silicon discussion.
4.3.1 Oxygen bonding on the Si(100) surface: There have been several reports which 
have linked Si(100) oxygen exposure to coverage. First, Schaefer and Gopel [137] report 
half-monolayer oxygen coverage for an exposure of around 40 L. The sticking coefficient 
for oxygen on silicon varies with coverage and has been reported to be about 0.2 for low 
exposures, but rapidly decreases to about 2 x 10-4 for coverages in excess of a half­
monolayer coverage [138], The present results are compatible with these observations 
and suggest that saturation occurs for an exposure slightly greater than 250 L. Finally,
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Fig. 4.5 The kinetic energy spectra for electrons (open circles, with lOx magnification) 
and anions (solid squares) are shown. The oxygen exposure is 210 L and the Na+ impact 
energy is 450 eV. Inset: The anion kinetic energy spectra for an oxygen exposure o f 210 
L are shown for three Na+ impact energies: 150 eV (gray), 250 eV (dashed line) and 450 
eV (dotted).
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Keim et al. [127] report monolayer coverage for an exposure of several hundred 
Langmuir.
Recent studies have suggested that oxygen chemisorption onto the Si(100) surface 
is dissociative [126,139]; energy minimization calculations show that oxygen inserts itself 
into the dimer pairs formed by the first and second silicon lattice layers with a bonding 
energy of about 5 eV [126,128,140], The most stable geometry, then, has a Si-0 bond 
length of 1.6 A and a Si-O-Si bond angle of 144°, which is characteristic of the silicon 
oxide Si02 [140], In addition, each oxygen in the dimer position gains up to 0.9 electron 
from adjacent silicon atoms, and thus resides on the surface as, essentially, O' [126,128], 
This oxygen insertion and consequent multiple coordination of the silicon atoms result in 
core-level shifts and weakening of the silicon lattice bonds [137], Studies have shown that 
the Fermi level remains fixed as oxygen chemisorbs onto the Si(100) surface and that 
valence band bending compensates for small contributions to the surface dipole moment in 
the normal direction [137,141]; thus the surface work function remains largely insensitive 
to oxygen adsorption, as confirmed in photo-emission measurements [141] and as also 
seen in Fig. 4.1 from the present results.
4.3.2 Modeling collision-induced secondary emission from adsorbed silicon: In the
present experiment, O' was by far the dominant secondary negative ion emission product; 
Si02' was detected at about a tenth of the level of O'. The electron affinity estimated for 
Si02 (2.03 eV [142]) exceeds that for O (1.5 eV). The emission of Si02' only became 
apparent after the oxygen coverage reached about half a monolayer (Fig. 4.4), suggesting 
that there exists a threshold coverage required to sufficiently weaken the silicon bonds for
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silicon oxide formation. Due to the fact that adsorbed oxygen atoms are, on average, 
coordinated to several silicon atoms, it is likely that the emission of O' results from 
dissociation of a silicon oxide; high energy secondary ion mass spectroscopy studies have 
shown that Si and O ions may result from dissociation of SiO, i.e. SiO -* (Si" + 0 +) or (Si+ 
+ O') [143], Although the electron affinities o f O and Si are similar, the ionization 
potential of oxygen exceeds that of silicon by 5.5 eV. Hence, dissociation of SiO into Si+
+ O' is about 5 eV less endothermic than dissociation into Si' + 0 +. Positive ions were not 
studied in the present experiment but the absence of Si' in the mass spectra would seem to 
indicate that dissociation of SiO, if present, follows such a path. As seen in Fig. 4.4, the 
ratio [Si02 ] / [O'] is not a strong function o f Na+ impact energy, and remains fairly 
constant for exposures > 40 L.
As mentioned earlier, and illustrated in Fig. 4.5, the kinetic energy spectra are 
independent of the sodium impact energy, suggesting that the dynamics descriptive of O' 
emission involve electronic excitation and not collisional momentum transfer. Secondary 
electron kinetic energy spectra are very similar to those for the anions, suggesting that a 
common mechanism underlies both electron and anion emission, as in the electronic 
excitation model for metallic substrates described in Section 1.3.2. Several factors 
complicate this picture when applied to an adsorbed semiconductor substrate, the most 
important of which is the presence of a band gap and fairly tightly bound electrons in the 
valence band. Moreover, the fact that the sample is p-type means that there exists a 
paucity of electrons.
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In previous experiments with semiconductors [144], it has been observed that 
electron transfer to grazing incidence projectiles can be quite efficient, even though 
resonant charge transfer seems to be precluded for these systems. The process has been 
successfully described essentially by wow-resonant charge transfer involving surface states 
close to the top of the valence band. Another electron transfer mechanism which can 
occur on insulator or semiconductor surfaces involves Auger deexcitation. Here, an 
electron from the valence band transfers to an unoccupied orbital of an excited species 
located near or on the surface, and an electron is simultaneously emitted to the vacuum 
from the excited state. This process is often referred to as “Penning ionization” in 
collisions of highly excited metastable atoms with atoms or surfaces; secondary electron 
emission is routinely observed for metallic and semiconductor substrates [145-8],
For incident Ar+, Auger processes can occur with facility; valence electrons 
residing at about 5 eV can neutralize incident Ar+ with 5 eV to spare in the vacuum. From 
Fig. 4.2 (b) above, oxygen exposure has merely a slightly positive effect on secondary 
emission, unlike the dramatic changes found for incident Na+; obviously an adsorbate- 
mediated mechanism facilitates secondary emission for the projectile species with the 
lesser ionization potential, whereas Auger processes, largely unaffected by the presence of 
the adsorbate, predominate for Ar+ bombardment. In their studies of low energy (> 100 
eV) electron-stimulated desorption of secondary ions from Si02 films, Lanzillotto et al. 
[149] and Petravic et al. [150] suggested that secondary emission of O' and electrons was 
due to the creation of a Si(2p) core level excitation leading to an excited neutral complex 
such as (SiO)*. The dissociation of this complex would result in the formation of 0 + and
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0°, which would undergo resonant charge-exchange with the surface, recapturing 
electrons to result in O'. The production of O' would, of course, be contingent on the 
amount of time that 0 + and 0°  spent in the near-surface region of optimal electron 
recapture, and the data ofPetravic et al. [150] supported the notion that this amount of 
time was significant. The excitation in those experiments was of Si(2p) and (2s) levels, 
which lie around -100 and -150 eV with respect to the vacuum. An impact energy of > 4 
keV is required for A r collision-induced formation of the Si(2p) core hole [20], so that 
any significant resonant interaction in the present experiments would be expected to occur 
around the ionization potential of Ar+ at < 15 .8 eV near the surface, and would involve 
any resonant occupied Si02 States (Fig. 4.6; energy levels taken from Refs. [151,152]). 
Experiments by Taylor et al. with 500 eV N2+ incident on Si02 [153] showed that the 
interaction of N2+, which has an ionization potential nearly the same as that of Ar+ (15.6 
and 15.8 eV, resp.), was characterized by near-total neutralization of the low-energy 
impacting N2+ by 15.5 eV valence electrons in the valence band, supporting the concept of 
an Auger neutralization-generated mechanism. Once O' has been created and begins to 
exit the surface, neutralization via electron transfer back to the surface is prohibitive, as 
there will be no resonant states in the band gap of Si02 (see Fig. 4.6). In our data, (1) the 
modest response of the yield to increased adsorption and (2) the near-linear increase in 
yield with Ar+ impact energy suggest that (1) the adsorbate plays little role in mediating 
the secondary emission beyond contributing to shifts in local densities of states and (2) the 
secondary particles originate from some mechanism such as the electron recapture model 
above, since the velocity of the incoming Ar+ determines the interaction time as well as the
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Fig. 4.6 A schematic of the interaction between O' and Ar+ ions and a silicon 
substrate is shown. The energy levels for Si (Si02) are depicted on the left by solid 
(dotted) lines. The electron affinity, EA(z), of O' as a function of distance from the 
surface, z, is displayed as described in Section 6.3; the free electron affinity, A, of O' is 1.5 
eV. The Ar+ level turns upward as a result of near-surface effects.
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volume of electronic excitations generated by impact [17,20],
In the present experiments, oxygen initially resides on the surface as O'. For 
incident Na+, we suggest that secondary anion and electron emission follows impact- 
induced excitation of an S i/) ' (or S i/) / ,  for multiple oxygen atoms) complex to an excited 
antibonding state, (Si/)')*, where x is the number of silicon atoms to which the oxygen is 
coordinated. A schematic diagram of this process is shown in Fig. 4.7, including the 
positions of clean Si(100) surface states as observed by Ciraci et al. [154], The 
subsequent decay of (Si/)')* may result in O' being ejected into the vacuum intact, i.e., as 
O'; the probability that O' survives such a dissociation depends on how rapidly O' leaves 
the surface. Alternately, electron emission to the vacuum from (Si/)')* could occur via a 
mechanism similar to the Penning ionization process if an electron from the silicon valence 
band transfers to fill the unoccupied orbital of (Si/)'). The rate for such a transfer process 
depends primarily on the overlap of the silicon valence band orbitals with those of the 
unoccupied states of (SixO ). The relatively small probability for electron emission 
suggests that this orbital overlap is indeed small, perhaps due to a reduced spatial 
distribution of the surface wavefiinctions [145,146], Furthermore, as (O')* recedes from 
the surface the energy level of the unoccupied orbital rises above the top of the valence 
band, and such autodetaching electron transfer will not occur. Secondary anions and 
electrons which originate from the decay of (Si/)')* will have asymptotic kinetic energies 
(with respect to the vacuum) which depend on the initial position of (Si/)')* on the 
antibonding state curve, as illustrated in Fig. 4.7. The energy distributions for each, then, 
would be similar; this is, in fact, observed. Finally, the way in which the total emission
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Fig. 4.7 A schematic diagram for the proposed excitation mechanism is shown, with 
energy levels and surface states for Si(100) indicated. The dashed lines suggest the 
potentials for SixO' and Si/). The surface density o f states (SDOS) is taken from Ref. 
[154],
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probability increases with impact energy is compatible with what is observed for binary 
collision electronic excitation mechanisms (see, for example, Refs. [155,156]). The results 
for Na+ and Ar+ impact on Si(100) are discussed further in Section 6.4, where 
comparisons are made to metallic and insulating substrates.
4.4 Summary.
In conclusion, oxygen adsorption was observed to enhance the secondary yield of 
anions (and electrons to a lesser degree) from Si(100) under Na+ bombardment, as with 
metallic substrates previously studied. Emission of O' was an order of magnitude higher 
than that of Si02'; other than hydrides of O' and Si02', no other anions of significance 
were observed. The presence of oxygen did not significantly alter the work function of 
the surface in the low-coverage regime, as observed previously by other experimenters 
[141]; sodium accumulation, on the other hand, effected a marked decrease in work 
function. The emission results were compared with those for incident Ar+, where electron 
and anion emission yields exceeded those for incident Na+ and had relatively little 
dependence on oxygen exposure. From the different results in emission probabilities, it is 
apparent that for Na+, the presence of oxygen facilitated secondary emission through a 
mechanism that did not occur for incident Ar+. For incident Ar+, Auger-related processes 
seem to dominate the secondary emission mechanism, in which emission of O' is favored 
perhaps through some electron recapture event. It is suggested that in the case of incident 
Na+, secondary electrons arise from a process similar to Penning ionization, in which the 
electron emission rate from an excited state of the adsorbate is dependent on the orbital
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overlap between valence states of the substrate and low-lying states of Si/).. The lack of 
emitted electrons suggests that this overlap is small for oxygen adsorption on Si(100).
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CHAPTER 5 
AN INSULATING SUBSTRATE: MgO
5.1 The magnesium surface.
Magnesium (Mg) metal has an electronic structure of [Ne]3s2, atomic mass 24.31 
u, lattice constant 3.25 A and a work function of 3.66 eV. Typical o f alkaline earth 
metals, magnesium reacts strongly with oxygen and rapidly undergoes a change from 
metallic to insulative when it is exposed to oxygen. Due to its large band gap and 
buffering capabilities, oxidized magnesium is of interest as an insulative material; its 
reactivity with metals makes it useful in the production of ceramics and catalysts as well.
It is this very reactivity that renders it a difficult subject for investigation in the present 
experiments; magnesium is a relatively soft material and extremely sensitive to the 
presence of oxygen, which leads to a complex M g-0 interaction. Study of the single­
crystal Mg(0001) surface, of hep lattice structure, provides insight for more complicated 
systems.
The surface used in the present experiments was a single crystal Mg(0001) sample 
manufactured by MaTech with a diameter of 7.6 mm and thickness 4.4 mm. In order to 
study the adsorbate-induced changes related to this highly reactive substrate, it was 
imperative to be reasonably confident about the “cleanliness” level at the starting point for 
experiments. The malleable, reactive nature of Mg dictates that surface cleaning
112
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procedures be executed with care. Argon sputtering beams must be restricted to low- 
energy (~ 500 eV) and heating to relatively low temperature (~ 500 K) to avoid damage to 
the single-crystal surface; these sputtering/heating cycles appear to be most effective when 
executed about 24 times [123,157-60]. In order to prepare a “clean” Mg(0001) surface 
we adopted the following procedure: sputter-cleaning was effected by rastering a 500 eV 
Ar+ beam incident at 60° with respect to the surface normal across the surface for 0.5 
hour, followed by heating via electron bombardment for an additional 0.5 hour. This 
constituted one cycle, and was repeated about two dozen times. The temperature in the 
near-substrate region was monitored by means of a J-type thermocouple affixed to within 
1 cm of the posterior of the crystal.
The efficacy of the above cleaning procedure was ascertained by observing the 
shift in the secondary product kinetic energy distributions as the surface was exposed to 
oxygen, with the goal of demonstrating the adsorbate-altered work function shift observed 
by others [158], In those previous studies, the work function was found to decrease ~ 1 
eV from its metallic value to attain a minimum after an oxygen exposure of about 10 L. It 
then rises to a plateau, returning to its initial value for exposures > 20 L. In the present 
experiments, the energy shifts in the kinetic energy distributions were determined by 
extrapolating the sharp initial rise in each distribution to zero intensity; such a method has 
been employed in past experiments to determine the adsorbate-altered work function 
[119].
In the range for sub-monolayer coverage, oxygen exposure was effected by the 
background H20  present in the chamber immediately after the conclusion of the cleaning
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cycles, when the partial pressure of H20  was measured with a quadrupole gas analyzer to 
be on the order of 1 x 10'9 Torr. H20  is known to be at least as reactive with Mg as is 
oxygen [161,162], and at that pressure, the surface would be subjected in an hour or less 
to an effective 10 L oxygen exposure, which is within the critical exposure range for the 
most dramatic work function shift. Mintz et al. showed that hydrogen, itself a. common 
Mg surface contaminant, undergoes an oxygen-induced segregation to the surface, so that 
the effective adsorption of H20  is very similar to that o f oxygen [162]; AES spectra o f 
water-dosed Mg show virtually the same O KLL and Mg L W  signal trends as do those of 
oxygen-dosed Mg mentioned above, over the same exposure range [163], H20  and 0 2 
appear to react with Mg(0001) in similar ways; thus we assume that H20  adsorption 
effects similar work function changes in the Mg(0001) substrate as does 0 2 adsorption, 
and that our initial method of exposure is reasonable. The kinetic energy distributions 
were measured at timed intervals so that, knowing the background H20  partial pressure, 
the effective oxygen exposure was known for each data set.
The relative decrease in work function, -A<|>, is shown in Fig. 5.1 as a function of 
time. The work function is seen to decrease by ~ 1 eV and rise to regain its original value 
over a time period of about an hour, demonstrating the behavior that is expected of a 
Mg(0001) surface that undergoes an oxygen exposure of about 20 L. Our observation of 
the expected work function shift appears to confirm the “cleanliness” o f the surface to 
within -  1 L. Past the critical exposure (i.e., the range of the most dramatic work function 
shift) of -  20 L, additional oxygen exposures were made via a leak valve utilizing pure 
procedures employed in the present experiments yield a variable work function in accord
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Fig. 5.1 The decrease in work function for the Mg(0001) surface is shown as a function 
of time (effectively, oxygen exposure). The background H20  pressure was ~ 10'9 Torr.
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oxygen as the adsorbate species. Although the surface preparation and exposure with that 
observed by others, it will be shown below that our “clean” Mg substrate is, in fact, not 
free of adsorbed oxygen.
5.2 Magnesium oxide results.
5.2.1 Yields: The absolute probabilities (yields) for the secondary electron (a) and anion 
(b) emission resulting from incident He+ are shown in Fig. 5.2 as functions of both oxygen 
exposure and He+ impact energy. After initial fluctuations for exposures < 20 L, the 
emission yields attained a value that was largely unaltered by further oxygen exposure or 
by incident energy. The same general behavior was observed for all incident ions, as 
shown in Fig. 5.3, which depicts secondary electron (a) and anion (b) yields for O', N2+, 
Ar+, Ne+ and He+ incident at about 250 eV, as a function of adsorbate exposure. In order 
to ensure that the exposure range for the metal-to-insulator transition of the surface had 
been attained, the oxygen exposure was extended to more than 500 L in some cases, with 
no discemable effect on secondary emission probabilities. The electron and anion yields 
are shown in Fig. 5.4 as well as their ratio for all primary ions incident at an energy of 
about 250 eV, each point averaged over all exposures beyond 20 L, exhibited as a 
function of ionization potential (IP) of the incident ion. (The data points for incident O' 
are shown at -1.5 eV, viz., its electron affinity.) The range of values for each point is 
depicted as error bars in order to demonstrate that the yields do not change significantly 
past an oxygen exposure of 20 L. The association is not linear, but it is clearly seen that 
increases, as predicted by Auger electron emission theory for potential emission of
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Fig. 5.2 The secondary electron (a) and anion (b) emission probabilities are shown for 
He+ impacting a Mg(0001) substrate are shown as a function of He+ impact energy and of 
oxygen exposure.
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Fig. 5.3 The secondary electron (a) and anion (b) emission probabilities are shown as a 
function of oxygen exposure for O' (solid line), N2+ (dashed), Ar+ (gray), Ne+ (dash- 
dotted) and He+ (bold) impacting the Mg(0001) substrate at about 250 eV.
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Fig. 5.4 Secondary electron (open circles) and anion (solid squares) emission probabilities 
are shown as a function of the incident ion’s ionization potential, for O', N2+, Ar+, Ne+ and 
He+ impacting the Mg(0001) substrate at ~ 250 eV. The data for O' are shown at its 
electron affinity, -1.5 eV. Each point has been averaged over all oxygen exposures over 
20 L; the variation in the yields for exposures > 20 L is depicted as error bars. The ratio 
of electron to anion yield (solid triangles) is shown, as well.
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electrons [16].
5.2.2 Mass spectra: In the above data, the secondary anion yield is seen to be less than 
20% of that for secondary electrons for all projectiles, changing insignificantly for the 
range of incident energies available. Although small, the presence of secondary anions is 
of particular interest due to the fact that they have been neglected as negatively charged 
secondary emission products in previous studies of low energy ion-effected secondary 
emission. In particular, anions appear to not have been distinguished from electrons in 
some previous experiments [121,164,165], The secondary anion emission is found to be 
mostly composed of O', as is depicted in Fig. 5.5, which shows the fractional composition 
(anion peak area divided by total area) of mass spectra taken over a nineteen hour cleaning 
period; trace amounts of carbon compounds, chlorine and fluorine residual in the vacuum 
chamber were detected. Also depicted in Fig. 5.5 is the relative decrease in total area 
(indicative of total number of secondary anions detected) of the mass spectra as a function 
of sputter-cleaning time. Measurements were taken every hour with the 500 eV Ar+ 
cleaning beam. It is apparent that O' remains the dominant anion for all coverages, with 
slight contribution from the omnipresent H' and contaminant carbon hydrides. The inset 
of Fig. 5.5 shows the final mass spectrum taken at the near-baseline condition, at which 
point there was negligible change in the spectra as a function of sputter-cleaning time.
Neither secondary neutral oxygen atoms nor positive ions could be detected in the 
present experiments; thus the oxygen ion fraction O /O  could not be determined. In 
experiments with 3 keV O' scattered from an oxygen-adsorbed polycrystalline Mg surface, 
Esaulov et al. found that the scattered 0  / 0  fraction changes significantly in the exposure
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Fig. 5.5 As fractions of the total secondary anion product, the anions emitted via 500 eV 
Ar+ bombardment are shown as a function of Ar+ sputtering time in the lower portion of 
the graph. The identity of the secondary anions detected is given in the legend on the 
right. The anion fractions do not vary much as the total surface adsorbate is reduced by 
sputtering. The upper portion of the graph shows the decrease in total secondary anion 
product as a function of Ar+ sputtering time. The inset to the upper graph shows a mass 
spectrum for secondary anions emitted from a “clean” Mg(0001) surface; O' remains the 
dominant secondary anion.
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range considered here, particularly at submonolayer coverages [54]. The changes in the 
O' / O fraction were observed to be strongly dependent on the incident ion energy and 
scattering angles for exposures less than a few Langmuir. Analogous to the Mg(0001) 
single-crystal surface, the polycrystalline Mg surface undergoes a significant shift in work 
function over an oxygen exposure range up to 2 L. For exposures exceeding 2 L, the 
scattering dynamics were largely unaltered by additional oxygen exposures; i.e., above a 
few Langmuir, the scattered fraction remained relatively constant [54]. Thus, above a 
certain exposure there appears to be little change in the probability for O' production, as 
observed in the O ' /O  fraction results as well as in our O' emission results.
In the present experiments, it is clear that oxygen still resides on a “clean” 
Mg(0001) surface, even though the work function shift for the clean-to-oxidized transition 
agrees with what has been observed previously by others. This is not surprising, 
considering the complexity of the O-Mg interaction and the fact that oxygen is 
incorporated into sublayers of the Mg lattice even in the earliest stages of adsorption 
[157,158], Such entrenchment o f the adsorbate into the lattice is difficult to reverse with 
an azimuthally asymmetric Ar+ sputter cleaning (as is the situation in the present 
experiment), if the integrity of the sensitive Mg(0001) single crystal structure is to be 
preserved (as was our consideration). That the crystal orientation with respect to the 
probe beam was unknown further complicates the issue of shadowing and blocking 
effects, a consideration peculiar to the single-crystal surface as opposed to the 
polycrystalline Mg.
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5.2.3 Kinetic energy distributions: Kinetic energy distributions of the secondary 
electrons show a remarkable uniformity, independent of incident ion, its impact energy and 
the oxygen coverage [Fig. 5.6]; all depict a most probable energy of about 3 eV. 
Comparison of secondary electron and anion kinetic energy distributions is shown for all 
incident ions in Fig. 5.7; all anion distributions were narrower and of lower mean kinetic 
energy than their electron counterparts. The full-width-half-maximum (FWHM) for each 
secondary electron distribution, as a function of incident ion IP, is seen in the inset of Fig. 
5.6. The FWHM values for secondary electron distributions resulting from incident O' 
and He+ are observed to exceed those o f N2+, Ar+ and Ne+. In studies o f 106 eV Ar+, Ne+ 
and He+ incident on polycrystalline Mg, Baragiola et al. [164] found that the FWHM of 
the secondary electron kinetic energy distributions were about 5.4, 5.5 and 5.6 eV, 
respectively, varying little with incident ion, our data show some of the same trends. The 
wide distribution resulting from incident O' may imply that electronic excitation ofMgO' 
provides the dominant source of secondary electrons for that projectile as opposed to 
processes driven by potential emission.
The distributions show virtually no dependence on oxygen exposure, other than 
the work function-related shift in energy described previously; the energy shift only 
occurred in accordance with the change in work function for oxygen exposures < 20 L, 
and none was observed for higher exposures. Thus no surface charging effects were 
observed even for large oxygen exposures.
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Fig. 5.6 Normalized kinetic energy distributions are shown for secondary electrons 
resulting from ~ 250 eV O' (solid line), N2+ (dashed) Ar+ (dotted), Ne+ (dash-dotted) and 
He+ (gray) impacting an oxygen-adsorbed Mg(0001) substrate. Inset: The full-width-half- 
maxima of these electron energy distributions are shown as a function of the projectile’s 
ionization potential; the data point for incident O' is given at its electron affinity, -1.5 eV.
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Fig. 5.7 Normalized kinetic energy distributions are shown for secondary electrons (left- 
hand curve) and anions (right-hand curve) resulting from ~ 250 eV O' (black), N2+ (gray), 
Ar+ (light gray), Ne+ (black hatched) and He+ (gray hatched) bombardment of oxygen- 
adsorbed Mg(0001).
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5.3 Magnesium discussion.
5.3.1 Oxygen bonding on the Mg(0001) surface: The most dynamic stage in the Mg-0 
interaction is that below 20 L oxygen exposure; this was the region of interest in 
investigations of adsorbate-induced changes in the Mg substrate. As oxygen is 
continuously assimilated, the M g-0 interaction appears to occur in several stages, the 
precise delineation of which remains somewhat controversial due to the seeming 
haphazard way in which islands of oxygen form on the Mg substrate [157]; one well- 
established observation is that of the shift in work function mentioned above [158]. The 
initial phase occurs during the first few Langmuir of oxygen exposure and is characterized 
by sub-layer incorporation of oxygen into the Mg lattice; calculations and experimental 
observations by Mitrovic, O’Connor and Shen [112] show that at least 10% of the oxygen 
adsorbate resides in sites below the first Mg lattice layer. Chemisorption is a dominant 
process during the first phases, but from the very onset of exposure to oxygen, true 
oxidation, characterized by O(ls) and Mg(2p) photoelectron binding energy shifts, occurs 
[166], It must be pointed out that due to relaxation effects, a shift in work function does 
not necessarily result from sub-layer incorporation of oxygen, but as calculations by 
Bungaro et al. demonstrate, initial oxygen incorporation in near-surface layers of Mg does 
result in a work function decrease [113], Further oxygen exposure then results in the 
return of the work function to its initial value, as oxygen accumulates in an amalgamated 
fashion [157,158], Goonewardene et al. [157] have shown that as oxygen accumulates on 
the surface, these island-like regions, or “bumps”, form in a dramatic and random manner. 
At an oxygen exposure of -  2 L, the bumps are in the range of 30-40 A in diameter and a
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few A high. The bumps appear to initially form by sub-surface oxygen incorporation; 
continued exposure of the O/Mg substrate to oxygen results in the growth of the bumps. 
Oxygen becomes the dominant surface constituent, as seen in Auger spectra; Namba et al. 
show that the characteristic O KLL signals increase rapidly with oxygen exposure to 
maximize at > 10 L, while the Mg L W  signals decrease to nothing over the same range 
of exposure [158].
For exposures > 20 L, a “bulklike” MgO formation is observed [157,159], and the 
substrate becomes more homogeneous, as the focal “islands” of oxygen adsorption 
coalesce and the bulk oxide thickens. A point of equilibrium for the adsorbate-substrate 
interaction seems to have been attained, as evidenced by the AES spectra which are 
unaltered by further exposure to oxygen [158]. The band gap for this insulative material, 
as it has become, is about 7.8 eV [167] and originates from the energy shift due to charge 
transfer as well as charge superposition resulting in an induced lattice ionicity, seen in the 
effective localization of Mg2+ and 0 2‘ sites [55,168-70], This lattice ionization over-rides 
orbital hybridization, surface-induced delocalization and other covalent effects. Such a 
process results in the formation of a stronger bond, that of Mg-0 rather than Mg-Mg 
(3.78 and 0.089 eV resp.).
5.3.2 Modeling collision-induced secondary emission processes from magnesium 
oxide: Electron transfer processes via nonresonant charge exchange mechanisms have 
been shown to be quite efficient on insulator surfaces [55,170-2]; these processes depend 
on the gap between the valence band and the energy level of the free ion in question, 
which is downshifted by the Coulombic interaction of the transiting electron with the
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crystal field, described by the Madelung potential [55]. At a distance z from a metallic 
surface, the electron affinity of a negative ion (e.g., O') experiences an image-induced 
Coulombic down-shift of the form -l/4z; Coulombic interaction of a hole at an active 
lattice site in an ionic crystal results in a potential down-shift of the form -1/z, however 
[173-5], This means that O' formation can occur via resonant electron transfer from the 
valence band ofMgO, since the O' potential may cross occupied states of the valence band 
ofMgO; studies of electron impact-induced desorption of anions from insulative surfaces 
suggest that electron capture by excited surface states from the valence band or from 
additional states existing in the band gap is facilitated by this downward shift in the surface 
image potential [149]. Surface effects such as Mg and O orbital hybridization and electron 
delocalization contribute to gap narrowing at the surface as well [168]. Electron loss back 
to the surface is suppressed by the band gap [172], resulting in the favorability of O" 
survival on the MgO surface, as ion scattering experiments have shown [54], For the case 
of noble gas ions approaching a surface, the ionization potentials are shifted up by an 
image-induced potential, and Auger neutralization processes may occur in which the 
incident noble gas ions are neutralized and electrons are emitted from valence band levels. 
Using estimations from Hagstrum [176], the ionization potential of He+ (incident at 250 
eV) is shifted upward from the gas phase value of 24.3 eV by about 3 eV. Thus 
neutralization of incident He+ by a valence electron at a level of about -10 eV [177] would 
result in Auger emission of an electron from the valence band with an energy of about |-10 
- (-21.3)| eV ~ 11.3 eV, which is enough to exit the surface with a kinetic energy of about
111.3 - 10| ~ 1.3 eV. Secondary electron and anion survival and emission into the vacuum,
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then, are favorable results of ion-bombardment ofMgO surfaces, depending on the nature 
of the projectile species.
The similarities of the secondary electron and anion kinetic energy spectra, 
regardless of the incident ion, suggest that the secondary emission products originate from 
a common emission mechanism. Potential emission is certainly applicable to our 
experiments with Ne+ and He+, as demonstrated above, where secondary emission is 
observed to be very large, though less so to N2+ and Ar+ (due to their low IPs with respect 
to the MgO bandgap), and do not apply at all to an O' projectile. The fact that the yields 
as well as the secondary electron kinetic energy distributions for incident O' display the 
same characteristics as those for the incident cations, suggests that a mechanism 
dependent on a projectile’s IP does not fully describe what is occurring in all of these 
cases.
In the manner of Section 1.3.2, we suggest that the mechanism of secondary 
electron and anion emission can be explained by use of an adsorbate-mediated process.
We extend this notion by suggesting that additional decay channels exist for the excited 
surface states, which are the origin of the secondary electrons observed from our low 
energy ion bombardment. The surface state is modeled as (MgO ) that is collisionally 
excited to an antibonding state, (MgO')*. Fig. 5.8 shows a schematic diagram depicting 
this excitation which can then result in anion desorption, Mg + O', or in decay to yield a 
free electron, Mg + O + e or MgO + e. The energy levels are taken from Refs. [167,177], 
The surface density of states shown is that observed by Ochs et al. for an oxidized Mg 
surface [178]; they place the Fermi energy £% (defined with respect to a metallic target)
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Fig. 5.8 A schematic of the proposed mechanism for emission of secondary electrons and 
anions is shown.
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approximately in the middle of the band gap, positioning Ep at about 5 eV below the 
vacuum level. Secondary anions that result from the decay of (MgO )* will have kinetic 
energies that depend on the initial position of (MgO')* on the antibonding curve in 
Fig. 5.8, resulting in similar energy distributions; this is, in fact, observed in the present 
experiment. From Fig. 5.4 the branching ratio for electrons and anions seems to have 
some slight dependence on the potential energy characteristics of the projectile; this will be 
addressed in more detail in Section 6.4 in comparison to the metallic and semiconducting 
substrates studied in the present experiments. Some sense of the complexity of the 
projectile-substrate interaction can be obtained, however, by observing that the secondary 
anion yields are noticeably greater for incident Ne+ than for the other projectiles studied in 
Fig. 5.3. These results may be due to a singular interaction mechanism. In studies of keV 
Ne+ bombardment of Mg and O/Mg systems, the results ofRabalais et al. [179] present 
convincing evidence that an energetic Ne+ is uniquely able to effect excitation of 2p levels 
of Mg or O to a higher-lying molecular orbital (4fa), which effectively creates an 
excitation mechanism for the (MgO ) complex which is not available for other projectiles. 
That the secondary anion yields measured in the present experiments are highest for 
incident Ne+, then, is reasonable in light of these previous observations.
5.4 Summary.
In summary, secondary yield measurements from an oxygen-adsorbed magnesium 
surface show that the probability of electron emission induced by low-energy ion 
bombardment is quite efficient. Secondary anions, which comprised mostly O', are seen as
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well for the entire exposure range studied. Despite preparation of the surface to within 1 
L oxygen exposure (as determined by the observed shift in work function), both electron 
and anion yields were largely unaffected by further oxygen exposure, which we attribute 
to residual oxygen in near-surface sub-layers; it appears that the probability for anion 
production saturates at an oxygen coverage in the range of a few Langmuir. Kinetic 
energy distributions for incident O' were similar to those for the incident projectiles with 
high IP, which suggests that similar emission mechanisms contribute; the surface states are 
modeled as MgO', which decay upon collisional excitation to result in secondary emission 
of both electrons and O'.
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CHAPTER 6
CONCLUSIONS
6.1 Preliminary remarks.
The present experiments probe areas of physical phenomena in ion-surface 
collisions which have yet to be definitively described; a dearth o f directly relevant data 
makes it necessary to draw comparison from analogous experiments and calculations of 
varying relevance in order to come to some satisfactory conclusion. The principal thrust 
of the thesis to this point has been to present data along with initial concepts for 
interpreting the results for each of the systems investigated in terms of the proposed 
mechanism for emission via collisionally-induced electronic excitation. It is now time to 
expand these initial concepts to arrive at a more comprehensive interpretation of the 
results as they justify the model.
The ground state of this treatment, so to speak, comprises the positive ion of low 
ionization potential impinging upon an oxygen-adsorbed metallic substrate, since that is 
the context in which the model was initially developed; extension of these concepts then 
requires some sort of perturbation, or modification, of the initial treatment. We begin with 
a discussion of the model’s accommodation for projectiles of high ionization potential and 
how some simple modifications can lead to the results observed in the experiments; 
aspects of negative ion bombardment are addressed in the same manner, followed by some
133
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
134
considerations on the role of the substrate. The mathematical formulation of the model is 
then discussed in terms of its derivation from basic understanding of the underlying 
physics of the experiment. Finally some remarks are made on the natural directions in 
which further investigations of the present experiments could lead.
6.2 The lifetime of an excited state and the connection to a projectile’s ionization 
potential.
To summarize the previous sections, the secondary electron / anion ratio is 
depicted in Fig. 6.1 for metallic (Al), semiconducting (Si) and insulative (Mg) substrates 
as a function of the ionization potential (IP) o f the incident ion; the oxygen coverage is 
about 1 ML, and the incident energy is about 250 eV (the data for incident O' is shown at 
its electron affinity o f -1.5 eV; the data for Na+ incident on Al is taken from [124]). The 
favorability of electron emission for projectiles with higher IP is striking. The obvious 
explanation is that a higher IP facilitates Auger electron emission mechanisms, and a 
simple interpretation of our proposed excitation mechanism in terms of excited state 
lifetimes can account for the low anion emission probability.
It can be seen from the schematics of our proposed excitation mechanism (Fig.
1.3) that the unbound excited state potential follows the form
§Elon(z) = Es
( T \ 2 ^eq
V Z ,
(6.1)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
135
M g O
A l
c
f i
8
m
100 5 15 20 25
IP  of Incident Ion (eV)
Fig. 6.1 The ratio of secondary electron to anion yields is shown as a function of the 
incident ion’s ionization potential for O', Na+, N2+, Ar+, Ne+ and He+ impacting metallic 
(solid squares), semiconducting (open circles) and insulating (solid triangles) substrates.
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where Es is the energy of the excited state at the equilibrium distance of the bound state 
from the surface z^, i.e. the vertical excitation energy, and a particle originating at a 
distance Zj exits the surface at an energy 5Eion equal to the level on the repulsive curve 
which the particle attained during excitation. In Fig. 6.2(a), Eq. 6.1 is depicted as a 
function of z* for parameters used to describe the O/Al system (Es = 1.4 eV, z^ = 3.2ao). 
For O' exiting the surface, Fig. 6.2(b) shows the probability of anion and electron survival 
(calculated from Eqs. 1.16 and 1.17) from an Al surface as a function of z*; it is apparent 
that as Z; is decreased, the probability falls dramatically.
Let us examine the parameter Zj as an indicator of the intrinsic energy properties of 
the incident ion. For projectile species with high ionization potential (IP), e.g. He+ with IP 
of 24.6 eV, a surface state residing at -5 eV with respect to the vacuum can be excited via 
a non-vertical transition to an energy of 24.6 + (-5) ~ 19.6 eV (neglecting near-surface 
image effects); the transition will be non-vertical because on the repulsive curve described 
by Es = 1.4 eV and z^ = 3.2ao, a particle excited to 19.6 eV will be at an initial distance z* 
= 0.9ao from the surface. Such a transition is not described by the Franck-Condon 
principle since it necessitates nuclear translation with respect to the surface, presumably 
enabled by the impacting ion. Fig. 6.3(a) shows the relationship between projectile IP and 
Zj for a surface in which the initial surface state distribution resides at -5 eV, as well as the 
rate of change dz/d(IP) as a function of IP.
Using a tight-binding Green’s function approach, Klamroth and Saalfrank [180] 
have made calculations to estimate the dependence of the excited state resonance width A 
for a negative ion upon its distance z from a surface; their results are fit by the equation:
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Fig. 6.2 (a) The energy of the excited state repulsive curve, given by Eq. 6.1, is shown 
for the O/Al system as a function of initial distance from the surface, z^ . (b) The survival 
probabilities calculated for secondary electrons and anions are shown as functions of Zj.
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A = 0.204 exi:p|-2.009 (Z-Zq) (6 .2)
where Zq is some point of reference and A is in units of eV. Their calculations are of 
particular relevance to our concept of an excited binary surface state since they model the 
interaction of a diatomic molecular ion with a metallic substrate. If z„ is taken to 
correspond to z^, then A £0.8 eV for z = la,,. The lifetime i  is then on the order of, as 
seen in Fig. 6.3(b): x = h / A < 0.8 fs (Fig. 6.3(b)).
We will compare this excited state lifetime to the time required for the excited 
particle to travel outwards a distance of lac from the surface. The time dt for a particle 
with normal velocity v^(z) to travel a distance dz is:
where v (z) depends on the difference in energy AE of the points on the repulsive curve 
corresponding to the initial (zj and final (z^ distances in z:
Using m = 16 u (the mass for O ), z^ = 3.2ao and Es = 1.4 eV, the time required for the 
excited particle to move from la,, to 2a,, is & 6 fs; hence the excited state at Zj :£ la*, will 
not survive to Zf = 2ao- Thus, the anion survival probability will be low for excitations 
which result in small values of z  ^and anion emission will clearly be lower for projectiles
(6.3)
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Fig. 6.3 (a) For the simple scheme described in the text in which the energy of an excited 
state on the repulsive curve described by Eq. 6.1 is set equal to the projectile’s ionization 
potential less the surface state binding energy, the initial distance from the surface 
corresponding to the excited state energy is plotted as a function of the projectile’s IP. 
The derivative curve, dz/d(EP), shows that for IPs in excess of 10 eV, the excited state 
very near the surface (~ 1 a,,), (b) The width of the excited state calculated from Eq. 6 
[180] is shown, as well as the corresponding lifetime of the excited state.
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that excite a surface state in such a non-vertical transition.
It can be seen from Fig. 6.3(a) that for IP £ 10 eV, the surface distance of the 
excited state is about la*, and does not significantly depend on IP. Projectiles with IP < 10 
eV, e.g. Na+, are able to promote the excited state to a level which resides closer to z^ on 
the repulsive curve, thus increasing the probability of anion survival from such an 
excitation; anion emission is expected to be higher for projectiles that promote a surface 
state in such a vertical or near-vertical transition. Anions that do survive from a non­
vertical excitation would be expected to have higher emission energies, due to the fact that 
they would originate from a higher point on the repulsive curve; data from Fig. 3.2.9 for 
ion impact onan A1 substrate shows that the most probable anion emission energies for 
(higher IP) Ne+ and He+ impact exceed those for Ar+ and O" impact by 1.5-2 eV, which 
according to the model above, would place their origin on the repulsive curve at 2% from 
the surface. The survival of these higher-energy anions is marginal, as seen in the emission 
probability data ofFigs. 3.2.6-7, though there is a slightly higher emission probability for 
the higher IP projectiles. The secondary emission of anions can be considered to be 
regulated by a delicate balance between a high secondary anion formation probability near 
the surface, and the low survival probability of anions originating at near-surface 
distances.
In previous studies by Walton et al. of photon-induced anion emission from an 
oxidized aluminum surface, it was observed that photon energy required for maximum 
anion emission was 8.7 eV with a deviation of about ± 0.5 eV [38], This is in remarkable 
congruence with the predicted energy required for a Franck-Condon transition between
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adiabatic potentials in the proposed mechanism, from studies of low energy (< 500 eV) 
Na+ bombardment mentioned above [24], This suggests that there exists a condition of 
resonance, in which anion survival and emission is favored for those circumstances where 
the energy available from the projectile- a combination o f the transfer o f the projectile’s 
kinetic energy and its IP - is equal to the energy required to excite the surface state MX" to 
a more-or-less discrete energy level along the repulsive curve, (MX")*. Aspects of this are 
supported by the above discussion of the effect of the ionization potential on the lifetime 
of the excited state at the surface; a definite change of dynamics is seen for IP 2: 10 eV, 
beyond which point any excited states will reside at about the same initial distance z, on 
the repulsive potential. The energy contributed by a He+ projectile, then, will be in excess 
of that required for a “resonance” excitation at z^; the extent to which potential 
mechanisms are favored over excitation processes like that described in Section 1.3.2 can 
be roughly quantified by the information in Figs. 6.2 and 6.3. According to the model 
above, an impacting ion with IP ~ 12 eV will have energy in excess of the “resonance” by 
several eV, and will be excited to an initial point Zj ~ 1.5a,, on the repulsive curve; from 
Fig. 6.2(b), anion survival is almost nonexistent. If each incident ion were to effect one 
excitation event and all surviving secondary anions were detected, the anion yield would 
be on the order of 10'5. This is clearly not an efficient means of secondary anion emission 
for higher IP projectiles. For incident He+, Ne+ and Ar+, then, the projectile’s kinetic and 
potential energy will be mainly channeled into secondary emission of an electron via 
Auger-like mechanisms. For an excitation energy below 10 eV, however, the lifetime of 
the excited state- and hence its survival probability- increases markedly; this is seen
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particularly for an excitation energy of around 5 eV, which is the IP of Na+.
6.3 The origin of secondary emission induced by negative ion bombardment.
The differences in anion survival due to differences in IP are thus explained by the 
proposed mechanism; we have yet to address the mechanism of secondary emission 
induced by O' bombardment, however. The affinity level EA of a negative ion approaching 
a surface is described by the image charge potential for large distances from the surface z, 
but repulsive effects dominate in the near-surface region so that EA(z) may be depicted as
where A is the electron affinity of the free ion (-A = EA(z = °°)), <j> the work function, E0 
the depth below the Fermi level to which EA(z) extrapolates at the surface (-(<(> + E0) = 
E a(z =  0)), and a  an inverse decay length o f the metal state £,< with which EA(z) is 
resonant. E0 is the heat of atomic desorption and is on the order of 5 eV. For distances
the interaction of the 0 '(2P) level (A = 1.5 eV) with an aluminum surface (<j> = 4.3 eV, Ep 
= 11.7 eV) as well with an insulative A120 3 surface (energy levels taken from Ref. [125]); 
also shown are Ar, Ne and He levels [172,176], which undergo an upward shift due to 
near-surface image effects but still remain at levels for which potential emission processes 
are quite favorable even in the case of the insulative oxide. It is seen that the distance at 
which Ea(z) crosses Ep is on the order of an atomic unit.
[19]:
(6.5)
far from the surface, a  varies as /<|> and is on the order of 1 ao'1 [18,19], Fig. 6.4 shows
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Fig. 6.4 The interaction of O' with an A1 (solid lines) or an A120 3 (dotted) substrate is 
shown, using Eq. 6.5 to calculate EA(z) with respect to Al. Levels of rare gas ions are 
shown as well, for reference.
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From Hagstrum’s discussion of charged particle-surface interaction [181], the 
probability P0(z) that a particle approaching the surface will reach a distance z  from the 
surface in its original charge state is similar to our original expression for a particle’s 
survival on an outbound trajectory, Eq. 1.15, with a change in integration limits:
P0(z) = exp
'•JU
- I
total (z')dz' (6.6)
where v± is the normal velocity of an ion inbound at an angle 0 with respect to the surface 
normal with kinetic energy E and mass m, and is taken to be [ / (2E/m)]cos0. Following 
the lead of the previous development (Eq. 1.17), Pt(z) is the probability that a transition 
will occur on the inbound trajectory, weighted by the decay to the metal:
(6.7)
The extent to which electronic transitions occur between the substrate and the projectile 
depends on how close the projectile gets to the substrate. An approximation of the 
distance of closest approach, za, can be made by equating the projectile’s kinetic energy, 
E, with the screened Coulombic potential between the projectile ion and a substrate 
species [182]:
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E =
ZjZ2e
exp Za
a 0[ z f2/3 + zf]~ I/2,
(6 .8)
where Z 1 and Z2 denote the atomic numbers o f the projectile and substrate ions. Using E, 
Zj and Z2 for 250 eV O' interacting with A1 (assuming a positive charge for surface A1 
species), za ~ 0.9a,,. At this distance of closest approach, Eq. 6.6 can be expressed as:
P0(z=  0.9a0) = exp
z  00 Z
f ^  MO exp(y M2)^2 r'ivo exp(y v z)dz
v ■’ V , V ,
V Z Z  ±
(6.9)
With parameters of decay widths used to describe an A1 surface (AM0 = 1 eV, Avo = 0.018 
eV, yM = 0.9 a,,'1, yv = 0.119 a,,'1, z,. = 4.4ao) [24] and an O' beam incident at 250 eV and 
60° (va = 3 x 104 m/s), P0(0) ~ 0.2. The probability of transition at z = 0.9ao, Pt(z = 0.9ao), 
then becomes 0.8, meaning that resonant transfer from the O' affinity level described by 
Eq. 6.5 to a metallic state E0 near the Fermi energy is quite probable. The majority of 
incident O', then, is neutralized and subsequently contributes to the formation of an 
excited state instead of merely re-emitting electrons to the vacuum.
The concept of resonant transfer for O' incident on surfaces is supported by 
experiments by Lavery et al. [52], in which a 1 keV O' beam incident at 65° on a clean Cu 
surface resulted in secondary neutral fractions (P0 = O/O'^ ^ , )  that surpassed negative (P. 
= O'/O'i^ w ) and positive (P+ = 070"ineident) fractions by more than an order of magnitude; 
P /P . increased as the incident O' energy decreased, an indication of an inverse relationship
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between incident energy and resonant transfer. Those results suggest that resonant 
neutralization of O' dominates for the low impact energies of O" used in the present 
experiment, indicating that the above calculations for resonant transfer from O' to the 
surface are reasonable, and that emission of O' due to O' bombardment is not 
predominantly due to simple elastic or inelastic scattering of the primary beam. This is in 
fact observed in the kinetic energy spectra, in which only secondary products of 
epithermal emission energies are detected.
Study of low energy (0.2 -1  keV) Cl' bombardment of metallic meshes adsorbed 
with residual gases showed that secondary electrons were emitted at significant levels even 
for the lowest impact energies, particularly for those substrates adsorbed with higher 
levels of oxygen [183]; based on those observations, the authors proposed that the 
enhanced electron emission was due to collisional excitation of adsorbed states (if not to 
electron detachment upon impact). Presumably the relaxation of those excited states 
would then result in electron emission to the vacuum in a manner similar to the proposed 
mechanism. That increased oxygen adsorption does facilitate increased electron emission 
from metallic substrates is demonstrated quite clearly in Figs. 3.2.6-7 for O' on A1 in the 
present experiments; that non-negligible secondary emission of O' occurs is seen in these 
data as well.
6.4 The effect of the substrate.
It is clear that secondary electron emission, compared to secondary anion emission, 
is suppressed considerably for the semiconductor surface, for both Na+ and Ar+
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bombardment (see Fig. 6.1). The electronegativity of O (Pauling. 3.44) is closer to that of 
Si (1.90) than of A1 (1.61) or Mg (1.31), implying that the bonding relationship between O 
and Si is slightly less ionic in nature than the O-Al or O-Mg bonds. The interaction of O' 
with the silicon surface, then, will involve a potential described by the dielectric response, 
and will not be subject to a marked shift in the Madelung potential due to the lack of 
highly localized charge distributions of the type seen in the MgO system.
The interaction o f O' and rare gas projectiles with Si and Si02 substrates has been 
depicted in Fig. 4.6 (energies taken from Refs. [20,152]). It can be seen from Fig. 4.6 that 
at distances of a few atomic units from the surface, which correspond to higher 
probabilities of anion survival, there will be no overlap between substrate and O' orbitals; 
electron decay will be suppressed, and anion survival will be favorable as seen in Fig. 4.3 
of the present experiments. From Fig. 4.6, it can be seen as well that the top of the 
conduction band does not coincide with the Fermi level; the parameter zc can serve as a 
descriptor of relative energetic levels and describes where EA(z) crosses the Fermi level 
and electron emission to vacuum no longer occurs. For the purposes of mathematical 
modeling, one might say that zc is decreased for the O/Si system since the valence band 
states actually lie lower than the Fermi energy. Low keV beam scattering studies by 
Guillemot et al. [184] of excited state production in Ne suggest that the nature of the band 
gap in Si may result in decreased electron transfer efficiency compared to excitation 
processes in Al and Mg. Fig. 6.5 shows the interaction of projectiles with Mg and MgO 
(energy levels are taken from Refs. [54,177]); despite the presence of a healthy bandgap, 
Guillemot et al. surmise that nonresonant electron transfer processes may be facilitated by
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Fig. 6.5 The interaction of O' with an Mg (solid lines) or an MgO (dotted lines) substrate 
is shown; levels of rare gas ions are shown as well.
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the Mg cation in the ionic crystal [184]; an analogous element is missing in the O/Si 
system. Similar to its behavior on metallic surfaces, oxygen does in fact reside on the Si 
surface with a partial charge of about 0.9e [126], but as Veje [185] points out in his 
discussion ofkeV Ar+ bombardment of Al, Si and Mg surfaces, the Si atom(s) to which O 
is bound share a decidedly covalent bonding arrangement and, as data of Veje and of 
Guillemot et al. suggest, are not excited as efficiently as are metallic lattice inhabitants due 
to the nature of the electron density localization.
It is interesting to note that, in the present experiments, secondary anion emission 
is more prominent for Ar+ bombardment of Si(100) than for Ar+ bombardment of Al and 
MgO (Fig. 6.1); the anion emission even surpasses the secondary electron emission for 
most of the impact energies studied (Fig. 4.3). As discussed in Section 4.3.2, previous 
studies [149,150] have led to the suggestion that DIET-like (desorption induced by 
electronic transitions) processes result in a relatively long-lived excited surface state, 
which undergoes a series of electron recaptures and eventually decays to end in the escape 
of O' to the vacuum. Along the trajectory of the exiting O', electron decay to a 
semiconducting substrate such as Si is suppressed because of the band gap; one would, 
therefore, expect secondary anion survival to be enhanced for ion-bombarded O/Si, and 
this is seen in our data.
6.5 A discussion of the parameters used for calculation.
As alluded to previously, the parameters used in the mathematical modeling of the 
proposed mechanism are generally derived from specific characteristics of the adsorbate-
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substrate system, with some contribution from characteristics of the projectile. Some idea 
of the impact of a parameter can be derived by considering its weight in the expressions 
for anion and electron distributions S^^^E) and Se(E), from Eqs. 1.12, 1.14, 1.16, 1.17, 
1.18, 6.1 and 6.4:
Sion(E) ~ < \/iexp[-b(z- Zeq)2]
x e x p
AM0exp(-TMZ')<k' ^ + 1  i v o « p ( -T v Z ,)<iz'
m .
f  \  2 /
1
z
+ K:
\
— EM c s
V Zj
Z;
2\
+ K:
xE,
f z  n2 ®q
( 6 . 10)
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(6.11)
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In the above expression for Se(E), the kinetic energy of the emitted electron 8Ee(z) is the 
energy difference between the repulsive state curve and the neutral decay curve; the 
former is given by Eq. 6.1, and the latter can be formulated by an inverted Gaussian which 
approximates the behavior of the curve as depicted in Fig. 1.3, centering around at an 
energy depth of -D0 and approaching the electron affinity of the outgoing ion, A, as z
increases:
5Ee( z ) = E s
( z  \ 2 
V z J - ( k l + A )
exp
w
+ A (6 .12)
The width of the Gaussian used to approximate the neutral curve, w, is determined by 
requiring the repulsive and neutral curves to intersect at zc:
w  = -
( Z c -  Ze q ) 2
 ^A  -  8 E ion( z c)N
In
(6.13)
D 0 + A  /
Secondary electron kinetic energy distributions (Se) and electron survival probabilities (Pe) 
calculated from Eqs. 6.11 and 1.17 are shown in Fig. 6.6 (a) and (b) for different values of 
D0; it can be seen that for expected values of D0 around 5 eV, the most probable 
secondary electron energy is on the order of 6 eV, which is a few eV higher than the 
energies measured in the present experiment. This would suggest that the effective
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Fig. 6.6 Secondary electron kinetic energy distributions (a) and survival probabilities (b) 
calculated for the O/Al system are shown, for different values of D0 (as depicted in the 
legend). Calculated distributions for secondary anions are shown in (c), using Eq. 6.10 
(solid line) and using collision cascade theory (dotted line).
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surface barrier is lower than the energy o f chemisorption, perhaps due to near-surface 
effects. As D0 is decreased, the magnitude of the high-energy tail increases, since the 
surface barrier presents less o f an obstacle for excited species that originate nearer the 
surface. In Fig. 6.6 (c), the anion distribution Sion calculated from Eq. 6.10 is compared to 
the collision cascade-generated anion distribution calculated by convoluting Eq. 1.12 with 
the anion survival probability, Pion; it can be seen that, with Pion of the form given in Eq. 
1.15, the collision cascade mechanism provides a poor descriptor of the emission 
mechanism. As D0 is decreased, the magnitude of the high-energy tail increases, since the 
surface barrier presents less of an obstacle for excited species that originate nearer the 
surface.
The initial widths Avo, AM0 and corresponding inverse decay lengths yv, yM for 
electron decay to the vacuum and to the metal are based on previous calculations which 
used results from Bahrim et al. for decay widths of ground and excited state oxygen 
anions [0(3P), 0 ( 1S)] approaching an Al surface [24,39], The widths are descriptive of 
electronic transitions, and vary roughly as
where r12 is the distance between the electrons occupying the initial ( ( p ^  and final ((p^) 
states. Quantitatively, then, one would expect Av(z) to remain approximately constant in
initial}
12
(6.14)
the near-surface region, since the overlap of anion orbital and free wave functions has
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weak dependence on z; Aj^z), on the other hand, would be expected to decrease quite 
rapidly as z increases, due to a strong dependence on z o f the overlap between substrate 
and anion orbitals, i.e., yM > yv. As for initial widths, AM0 would be expected to be 
substantially larger than Avo since substrate-anion orbital overlap will be stronger at the 
surface than that of anion-free electron orbitals. From the results ofKlamroth et al. above 
as well as many others [19,39,180], the initial widths are expected to be on the order of an 
electron-volt, though the precise values o f A and y are specific to the adsorbate-substrate 
system under consideration. Calculations of Se and Pe are shown in Fig. 6.7 (g) and (i) for 
different values of Avo and AM0, respectively; greater Avo (AM0) results in increased 
(decreased) electron survival, as expected. For purposes of analysis, it seems reasonable 
to compare the parameter values for Pe curves of similar magnitude; for comparable Pe,
Amo > Avo, as mentioned above. In Fig. 6.7 (f) and (h) are shown calculations for different 
values of yv and yM; for comparable Pe, yM exceeds yv by an order of magnitude, which 
supports the inequality above.
Also system-specific are the equilibrium distance from the surface z^, which may 
be approximated by the adsorbate-substrate atom bond length of the most favorable 
bonding site, and the ion-neutral curve crossing point zc, which as alluded to in Section 
3.1.3.2 depends inversely on the electron affinity of the adsorbate atom. Calculations of Se 
and Pe for different values of z^ and zc are shown in Fig. 6.7 (d) and (a). For greater z^,
Pe increases since the secondary electron has less distance to traverse in order to escape 
the surface; the position of zc determines how many electrons at the lowest energies will 
survive. Determination of the parameter E„ on the other hand, involves consideration of
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Fig. 6.7 Normalized secondary electron kinetic energy distributions (black lines) and 
electron survival probabilities (gray lines) calculated for the O/Al system are shown. In 
each graph, a parameter is varied, as given by each legend; the “default” values are marked 
with an asterisk. (a)zc, the distance from the surface at which the ion-neutral curves 
cross; (b) Es, the energy of the antibonding curve at the equilibrium distance between the 
surface state and the substrate; (c) Kj, accommodation for initial momentum on the 
antibonding curve; (d) z^, the equilibrium distance between the surface state and the 
substrate; (e) b, indicative of the width of the initial distribution of surface states; (f) yv, 
the inverse decay length for electron decay to the vacuum; (g) Avo, the initial width for 
electron decay to the vacuum; (h) yM, the inverse decay length for electron decay to the 
metal; (i) AM0, the initial width for electron decay to the metal.
the discrete nature of the excited state curve itself; the photo-desorption experiments 
mentioned in Section 6.2 present clear evidence that a condition of energy resonance is 
required in order to excite a surface state. In that specific experiment, about 8.7 eV was 
required for O' emission from an O/Al system. If one considers the chemisorption energy 
per O atom to be about 7.5 eV as calculated by Yourdshahyan and others [97], then for an 
O residing on the surface (as, effectively, O') at z^, one would expect the repulsive state 
curve to be > 1 eV above the vacuum level at z^. From calculated distributions in Fig. 6.7 
(b), it can be seen that lowering Es shifts Se to lower energies, as one would expect from 
Eq. 6.12.
Finally, the terms K* and b provide accommodation for initial momentum on the 
repulsive curve and spatial width of the localized surface states; their effect is largely seen 
in calculations of Se rather than Pe, as depicted in Fig. 6.7 (c) and (e). For the most part, 
however, it must be kept in mind that outside of the above trends, the parameters must be 
varied in order to effect the best fit to the data. The mathematical expressions for the
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probabilities and distributions are meant to represent basic ideas of the excitation process, 
and the extent of their agreement with the actual data is contingent on careful parameter 
selection. The calculated curves can be fitted closely to the data, however, as seen in Fig. 
3.1.4, where the most probable energies as well as the distribution widths and high-energy 
tails are estimated well for both secondary anion and electron distributions. The purpose 
of the calculations depicted in Fig. 6.7 is to show that the behavior of the parameters is, 
for the most part, in accordance with the physics of the excitation interaction.
6.6 The end.
The preceding can be summarized, to first approximation, by noting that the results 
fall into two categories: the first describes a system in which adsorption onto a surface 
does, in fact, affect secondary emission induced by low-energy ion bombardment, most 
readily articulated by changes in the emission probability. In this category are the 
projectiles that cannot effect potential emission (i.e., O' and Na+). In the second category, 
however, the adsorbate effects seem to be suppressed or absent; this grouping includes 
systems involving projectiles of high IP (N2+, Ar+, Ne+, He+) and a substrate of low 
conductivity (MgO). It may be concluded from the above experiments that potential 
emission of electrons is favored- and secondary anion emission suppressed- in those 
systems for which the projectile’s IP is sufficient; in the discussion of Section 6.2, 
rationale for this conclusion is cast in terms of the proposed model for collisionally- 
induced electronic excitation. The concepts of this model can be expressed 
mathematically and can be made to fit observations in the present experiment; the
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experiments with negative ion bombardment provide support for the proposed model, and 
the results from noble gas ion bombardment contribute interesting contrast vis-a-vis the 
effect of the adsorbate on secondary emission properties.
Experiments with neutral projectiles would complement this work. For keV 
neutral rare gas atoms incident on a clean Ta surface, Oda et al. [186] observed trends 
similar to those seen in the present work, in that emission probabilities and kinetic energy 
distribution widths were greater for lighter ions of greater ionization potential; Lakits and 
Winter [187] found that secondary electron yields were, in fact, higher for keV neutral 
rare gas beams. The efficient production of excited states was found by Guillemot et al. in 
keV rare gas atom scattering studies of metallic [188] and semiconductor [184] surfaces; 
oxygen adsorption of the latter was found to suppress excited state formation due to 
screening effects. Efficient ionization of H, O and F beams scattered from an MgO crystal 
was observed by Ustaze et al., however [170], It would be of interest to explore these 
concepts with various neutral beams of energies on the order of 100 eV, to see whether 
oxygen adsorption would affect secondary emission processes along the same lines as 
found in the present investigations.
That, however, is another story.
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